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     The discovery of the Arabidopsis ttg1 mutant almost three decades ago provided a 

unique opportunity for the study of how several cell fates and organ identity pathways are 

co-regulated.  Besides showing a lack of flavonoid based pigments, the pleiotropic ttg1 

mutant is also deficient for the development of several epidermal characters including 

plant hair cells (trichomes), the non-hair cells of the root and the mucilage-secreting cells 

of the seed coat epidermis.  Ectopic expression of the maize R bHLH transcriptional 

regulator of the flavonoid pigment pathway could completely suppress all the ttg1 mutant 

phenotypes, providing the first clue to the nature of the control mechanisms governing 

TTG1-dependent traits.  Because it was established that a bHLH and a Myb protein are 

required for the regulation of anthocyanin pigment production in several plant species 

and an Arabidopsis Myb gene was necessary for trichome initiation, the existence of 

bHLH and Myb proteins that would regulate all the TTG1-dependent developmental 

pathways was hypothesized.     

     This study works towards the elucidation of the transcriptional control mechanisms 

that regulate the TTG1-dependent developmental pathways.  The identification and 

characterization of a key regulator, EGL3, uncovered the redundant nature of bHLH 

proteins operating under the TTG1 regulatory umbrella.  As a result, bHLH regulators 
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were assigned to all TTG1-dependent epidermal cell fate pathways and new roles for 

previously identified bHLH proteins were revealed.  Roles suggested in the literature for 

Arabidopsis Myb factors suspected of regulating the flavonoid pigment pathway were at 

odds with findings from other plant models.  Analysis of Myb loss-of-function RNAi 

lines and TTG1:GR and GL3:GR fusion lines presented here provides a clarified 

understanding of the regulation of anthocyanin biosynthesis by the Myb/bHLH/WD-

repeat complex in Arabidopsis.  Missing from the combinatorial complex model is the 

Myb component controlling the differentiation of the seed coat epidermis. Work 

presented here characterizes Myb5 as the primary Myb regulator of this differentiation 

pathway and defines a new role for TT2 as partially redundant with Myb5 for testa 

epidermis development.  Myb5 also plays a minor role in trichome development and PA 

biosynthesis.  Thus pleiotropy among the TTG1-dependent Myb regulators previously 

unobserved is first noted here.  A more complete Myb/bHLH combinatorial transcription 

factor network model for the regulation of the TTG1-dependent pathways is proposed 

based on the results of work presented in this dissertation.        
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Chapter 1: Introduction 

 
     Combinatorial interactions among transcription factors are of fundamental importance 

for the regulation of genes and ultimately developmental pathways.  Particular 

interactions within a transcriptional complex between sets of similar proteins with 

otherwise very similar properties (e.g. proteins with the same DNA binding capacity, 

protein interaction domains and the same or overlapping expression patterns) can result in 

the specific activation of one pathway over another.  In Arabidopsis, several epidermal 

cell fates are governed in common by the same network of multi-component 

transcriptional complexes.  At the heart of these complexes are a WD-repeat protein, 

TTG1, and numerous bHLH class and Myb class transcriptional regulators, with specific 

transcription factor combinations specifying which developmental pathway is realized.  

Thus, these epidermal developmental pathways in Arabidopsis have provided a unique 

opportunity to study how combinatorial interactions between sets of very similar 

transcriptional regulators discriminate among co-regulated cell fates. 

 

Myb, bHLH and WD-repeat proteins: general background 

     The Myb DNA-binding domain that defines a class of transcriptional regulators was 

first noted in the v-myb oncogene of the avian myeloblastosis virus and in its cellular 

homolog c-myb.  Animal Myb transcription factors typically contain three imperfect Myb 

repeats (R1R2R3 repeats) and comprise a small family of two or three proteins with roles 

in cell proliferation (Lipsick, 1996).  Each repeat is about 50 amino acids long, 

containing regularly spaced tryptophan residues and folding into a helix-turn-helix 

variant related to those of prokaryotic repressors.  Plant Myb proteins form a much larger 

family (Arabidopsis containing 125 Myb genes) with roles in a diverse array of mainly 

plant specific processes (Stracke et al., 2001).  Nearly all plant Myb proteins contain two 

imperfect Myb repeats corresponding to the R2R3 Myb repeats of the three repeat 

R1R2R3 animal Myb proteins.  Sequence specific DNA binding has been demonstrated 

for several R2R3 Myb transcription factors with these Mybs binding to one or more DNA 
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sequence types (Romeo et al., 1998).  Also, R2R3 plant Myb proteins may contain an 

acidic transcriptional activation domain.  A notable exception to the R2R3 organization is 

small group of single Myb (R3) repeat proteins of Arabidopsis (Schellmann et al., 2002).  

These proteins have only one Myb domain, no transcriptional activation domain, and 

function as negative regulators of transcription.  

     The bHLH domain was originally identified as a similar region shared among a group 

of DNA binding proteins from animals (Murre et al., 1989).  At the same time the R locus 

of Zea mays (maize) was shown to encode a bHLH transcriptional regulator of 

biosynthetic genes necessary for pigment production (Ludwig et el., 1989).  A typical 

bHLH domain contains about 18 hydrophilic and basic amino acids at its N-terminal side 

followed by two amphipathic α-helices separated by a loop.  Functionally, the basic 

region is important for making DNA contacts while the HLH region allows dimerization 

between bHLH proteins (Massari and Murre, 2000).  Animal bHLH proteins have broad 

functions in regulating cell proliferation and differentiation.  Plant bHLH proteins have 

very diverse roles in processes ranging from regulation of secondary metabolism, cellular 

differentiation and patterning, plant growth and development via the regulation BR and 

ABA hormone signaling pathways, iron uptake in roots and phytochrome mediated light 

signaling (for reveiew, see Heim et al., 2003).  bHLH proteins can regulate transcription 

by recognizing E-boxes, DNA sequences with the consensus of CANNTG.  

     Unlike the Myb and bHLH domains, it is difficult to define a family of proteins based 

on the presence of a WD-repeat motif (Smith et al., 1999).  Indeed, there can be 

uncertainty in defining and identifying WD-repeats given large variations in position and 

length of structural elements composing WD-repeat motifs found in different proteins.  

WD-repeats are found in diverse proteins not associated with any single function but the 

WD-repeat generally serves as a protein-protein interaction platform.  The WD-repeat 

motif was first identified in a Gβ subunit of heterotrimeric G proteins (Fong et al., 1986) 

and the crystal structure of this protein shows that the WD-repeats adopt a β-propeller 

fold.  The plant WD-repeat proteins considered here are small proteins consisting only of 

four or five WD-repeats (de Vetten et al., 1997; Walker et al., 1999).        



 - 3 -

 

History of the Myb/bHLH/WD-repeat complex: regulation of the anthocyanin 

pathway in plants 

     Work on the WD-repeat/bHLH/Myb complex in plants comprises a rich and 

interesting research history beginning with genetic studies on one of the most intensely 

researched metabolic systems in plants, the flavonoid biosynthetic pathway (Fig. 1.1).  

Among the six subclasses of polyphenolic compounds produced by this pathway, 

anthocyanins in particular have perennially been of great interest to geneticists due to 

their colorful visibility as pigments broadly dispersed throughout the plant kingdom, their 

dispensability, and thus the ease of mutant identification (Dooner et al., 1991; Mol et al., 

1998).  Accordingly, anthocyanins factor into some of the major scientific breakthroughs 

of the past 160 years; seed coat and flower color were among the major phenotypes used 

by Gregor Mendel while Barbara McClintock followed curious color changes in maize 

kernels in her discovery of transposable elements.  More recently in petunia, anthocyanin 

loss due to the overexpression of flavonoid biosynthetic genes first noticed by Richard 

Jorgensen and colleagues helped define the phenomenon of cosupression (RNAi) (Napoli 

et al., 1990; Jorgensen, 1995).    

     Because flavonoid pigment biosynthesis is regulated developmentally and in response 

to various biotic and abiotic stresses, the flavonoid pathway is an excellent model for the 

study of transcriptional regulation.  In fact, the first plant transcription factor cloned was 

Colorless1 (C1) (Cone et al, 1986), a maize Myb regulator of the anthocyanin 

biosynthetic pathway (the same locus disrupted by transposition in Barbara McClintock’s 

pioneering work on transposable elements).  c1 mutants lack anthocynins in the aleurone 

layer of maize kernels and are transcriptionally down-regulated for a set of flavonoid 

biosynthetic genes.  Shortly after, more maize anthocyanin regulatory loci, R and B, were 

cloned that encode bHLH transcription factors (Ludwig et al. 1989; Chandler et al. 1989).  

Maize bHLH mutants show loss of pigment in kernels and the plant body and are down-

regulated for a set of flavonoid biosynthetic genes.  Transactivation of anthocyanin 

structural gene promoter-reporter contructs bombarded into maize tissues required 
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functional Myb and bHLH proteins, demonstrating genetic interactions between the 

regulatory genes (Goff et al., 1990).  Later, a physical interaction between B and C1 was 

demonstrated in yeast-2-hybrid assays suggesting that these regulators function together 

in a transcriptional complex (Goff et al., 1992).   

     In addition to maize, petunia (Petunia hybrida) and snapdragon (Antirrhinum majus) 

emerged as the major models for the study of anthocyanin biosynthesis, particularly in 

floral tissues.  Here too, genes encoding Myb and bHLH proteins were identified as 

regulators of anthocyanin structural genes, demonstrating broad conservation of this 

regulatory mechanism in the plant kingdom.  Delila, encoding a bHLH factor 

homologous to R that controls pigment accumulation in Antirrhinum flowers, was the 

first dicot anthocyanin regulatory locus cloned (Goodrich et al., 1992).  More recently it 

has been shown that three Antirrhinum Mybs (Rosea1, Rosea2 and Venosa) homologous 

to C1 differentially regulate structural genes of the anthocyanin pathway (Schwinn et al., 

2006).  Interestingly, the first anthocyanin regulatory locus cloned from petunia, AN11, 

encoded neither a Myb nor a bHLH but a novel protein containing five WD-repeats (de 

vetten et al., 1997), a motif originally noted in a bovine G protein β subunit (Fong et al. 

1986).  However, the relationship between the WD-repeat protein and the Myb/bHLH 

transcriptional regulatory model was not immediately clear.  Later, WD-repeat proteins 

were found to regulate the anthocyanin pathway in other plants such as Arabidopsis, 

Perilla frutescens and maize (Walker et al., 1999; Sompornpailin et al. 2002; Carey et al., 

2004). Ultimately a Myb (AN2) and a bHLH (AN1) homologous to the maize regulators 

were identified in petunia.    In petunia this trio of regulators positively controls the same 

set of anthocyanin structural genes.  To date this general Myb/bHLH/WD-repeat strategy 

operates in all other species where the regulation of the flavonoid pigment production has 

been studied, including grape (Kobayashi et al., 2002, 2004, 2005), pepper (Capsicum 

annuum) (Borovsky et al., 2004), morning glory (Morita et al., 2006), tomato (Mathews 

et al., 2003; De Jong et al., 2004), potato (De Jong et al., 2004), rice (Sakamoto et al., 

2001; Sweeney et al., 2006) and Arabidopsis (Walker et al. 1999, Zhang et al. 2003, 

Gonzalez et al. 2008).  
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The Arabidopsis ttg1 mutant: co-regulation of anthocyanin biosynthesis and 

epidermal cell fates 

     Arabidopsis flowers are naturally anthocyaninless but flavonoid-based pigments are 

produced in the seed coat (testa), giving Arabidopsis seeds their characteristic brown 

color.  Hence the identification of pigment mutants in Arabidopsis has primarily focused 

on convenient screens for yellow (no pigment) or light colored (reduced pigment) seed, 

otherwise known as transparent testa (tt) mutants (Koornneef 1990).  However, the seed 

coat pigments are not anthocyanins but a related pigment known as proanthocyanidins 

(PAs) made by a branch of the flavonoid pathway (Fig. 1.1).   PA and anthocyanin 

biosynthesis share many of the steps of the flavonoid pathway such that PA deficient seed 

coat mutants also may be reduced for anthocyanins in shoot tissue (such as mutants for 

early structural genes) but this is not always the case, underscoring the point that there are 

specific genes (both structural and regulatory) dedicated to the production of PAs.  

Conversely, the nature of tt screens did not allow for the isolation of anthocyanin-specific 

mutants and screens for such mutants are complicated by the fact that the expression of 

anthocyanins throughout the Arabidopsis life cycle varies widely and is very sensitive to 

environmental factors.  However, the developmental profiles of anthocyanin pigment 

production and structural gene expression in young Arabidopsis seedlings have been well 

characterized (Kubasek et al. 1992).  Seedlings germinated on MS agar show a 

characteristic accumulation of anthocyanins beginning at about day 3, visibly peaking at 

about day 4 in hypocotyls and cotyledons and then rapidly disappearing by about day 5. 

This correlates well with the expression of structural genes (such as CHS, CHI and DFR) 

in developing seedlings, all reaching maximal expression in 4-day-old seedlings but then 

nearly absent in 5-day-old seedlings.  Thus studies of the anthocyanin pathway and its 

regulation in Arabidopsis have centered on young seedlings where these pigments are 

more reliably/developmentally expressed (but still under the influence of a variety of 

factors).      
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     Among the first of the transparent testa mutants identified was transparent testa 

glabra1 (ttg1) (Koornneef 1981).  Of instant interest to geneticists about this mutant was 

its pleiotropic nature.  Not only are ttg1 seeds and plants devoid of all flavonoid-based 

pigments (PAs and anthocyanins), they also show a range of developmental defects: a 

lack of the single-celled, multi-branched epidermal plant hairs (trichomes) produced on 

leaves and various other organs; a loss of cell patterning in the root epidermis resulting in 

the over-production of root hair cells; and undifferentiated cells of the epidermal layer of 

the seed coat resulting in a lack of seed coat mucilage normally produced by the testa 

epidermis during seed development.  This immediately suggested a regulatory role for the 

TTG1 locus in the development of several widespread and seemingly unrelated characters 

linked only by their epidermal origin (Fig 1.2).  Because ttg1 was an anthocyanin mutant 

and suspected regulator, this led to the attempt to rescue the ttg1 mutant by the ectopic 

expression of maize anthocynin pathway regulators.  Surprisingly, the R bHLH from 

maize not only recovered the pigment phenotypes but also completely reversed all the 

developmental defects of the ttg1 mutant (Lloyd et al., 1992).  This suggested that TTG1 

encoded a bHLH transcription factor or influenced somehow one or more Arabidopsis 

bHLH transcription factors.  It also suggested the Myb/bHLH/WD-repeat transcriptional 

complex model extends beyond the regulation of pigment biosynthesis.  Thus a hunt was 

initiated for Arabidopsis bHLH proteins that regulated the TTG1-dependent epidermal 

cell fate pathways.  Already an Arabidopsis Myb gene, Glabra1 (GL1), had been cloned 

that was necessary and specific for trichome production (Oppenheimer et al., 1991).  

Moreover, GL1 upon its identification was shown to be closely related to C1 of maize 

(sharing about 63% amino acid identitiy for the Myb domains).  This, too, predicted the 

existence of one or more Arabidopsis bHLH proteins working in partnership with Myb 

proteins that regulate TTG1-dependent cell fate pathways, further extending the notion 

that the well-established model for flavonoid pathway regulation also applies to 

developmental pathways in Arabidopsis.  Eventually a chromosome walk to TTG1 was 

completed and the locus shown to encode a WD-repeat protein closely related to AN11 of 

petunia and notably not a bHLH transcription factor (Walker et al., 1999).  Soon after, 
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however, the reduced trichome mutant glabra3 (gl3) was cloned and shown to encode a 

bHLH protein closely related to R of maize (Payne et al, 2000).  Moreover, yeast-2-

hybrid experiments showed physical interaction between GL3 and GL1 and between GL3 

and TTG1, providing the first solid evidence that WD-repeat proteins likely enter into a 

complex with Myb and bHLH transcription factors.  Because neither gl1 nor gl3 mutants 

were pleiotropic like ttg1 mutants, the existence of more TTG1-dependent Myb and 

bHLH Arabidopsis proteins regulating flavonoid pigment production, root epidermal cell 

patterning and the differentiation of the outer seed coat layer was strongly suspected 

(indeed, the gl3 mutant trichome phenotype was far less complete than that of gl1 

mutants, suggesting redundancy of bHLH function at least in the trichome pathway).  

Indeed, a Myb regulator of root epidermal cell patterning most similar to GL1 known as 

Werewolf (WER) was identified at about the same time as GL3 (Lee and Schiefelbein, 

1999).  The tt mutant screen approach described earlier yielded a pair of TTG1-dependent 

regulators, TT8 and TT2 (Nesi et al., 2000 and 2001).  TT8 and TT2 encode a bHLH and 

Myb protein, respectively, that together regulate specifically the biosynthesis of PA 

pigments in the Arabidopsis seed coat.  tt8 and tt2 mutants show no other ttg1-like mutant 

phenotypes, even showing normal expression of anthocyanins in young seedlings where 

anthocyanins are developmentally produced and TT8 is also expressed.  Again, this 

suggested a set of Myb and bHLH regulators (not yet completely defined) controlling the 

various co-regulated epidermal pathways originally defined by the ttg1 mutant. 

     The work presented in this dissertation consists of research performed after or at about 

the time of the findings described above.  The knowledge-base prior to the contributions 

of this dissertation is summarized diagrammatically in Fig 1.2 (for comparison, Fig. 4.7A 

depicts a current model derived primarily from the work presented here).  The following 

chapters represent advancements in the Myb/bHLH/WD-repeat combinatorial complex 

model and an increased understanding of transcriptional control mechanisms that regulate 

a suite of developmental fate pathways in plants.  Chapter 2 describes the cloning and 

characterization of a key regulator of TTG1-dependent cell fate pathways, the bHLH 

transcription factor Enhancer of Glabra3 (EGL3), revealing the redundant nature of the 
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bHLH proteins in the specification of the co-regulated epidermal fate pathways.  This 

chapter was previously published in Development (Zhang et al., 2003).  The third chapter 

provides a better understanding of the regulation of anthocyanin biosynthesis by the 

Myb/bHLH/WD-repeat complex in Arabidopsis.  Not only was such an understanding 

conspicuously missing until very recently, the picture presented in the existing literature 

regarding Myb regulation of the anthocyanin pathway in Arabidopsis was misleading and 

at odds with findings from other plant models.  Chapter 3 resolves the discrepancy and 

has been recently published in The Plant Journal (Gonzalez et al., 2008).  Also missing 

from the combinatorial complex model until very recently was the Myb component 

controlling the differentiation of the seed coat epidermis.  Chapter 4 describes the 

characterization of Myb5 as the primary Myb regulator of this differentiation pathway 

and defines a new role for TT2 as partially redundant with Myb5 for testa epidermis 

development.  Myb5 also plays a minor role in trichome development and PA 

biosynthesis.  Thus pleiotropy among the TTG1-dependent Myb regulators previously 

unobserved is first noted in this chapter which is currently submitted for publication to 

Developmental Biology.    
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Figure 1.1  The flavonoid pigment biosynthetic pathway. 
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Figure 1.2  A regulatory network for the positive control of TTG1-dependent epidermal 
cell fates prior to work presented in this dissertation.  Solid lines indicate interactions 
between members of a complex.  Dashed arrows indicate a multi-step differentiation 
pathway.  Red text indicates unknown Myb and bHLH functions predicted to exist. 
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Chapter 2: A network of redundant bHLH proteins functions in all 

TTG1-dependent pathways of Arabidopsis1 

 

Summary 
Glabra3 (GL3) encodes a bHLH protein that interacts with the WD repeat protein, TTG1.  

GL3 overexpression suppresses the trichome defect of the pleiotropic ttg1 mutations.  

However, single gl3 mutations only affect the trichome pathway with a modest trichome 

number reduction. A novel unlinked bHLH-encoding locus is described here, Enhancer 

of Glabra3 (EGL3). When mutated, egl3 gives totally glabrous plants only in the gl3 

mutant background.  The double bHLH mutant, gl3 egl3, has a pleiotropic phenotype like 

ttg1 having defective anthocyanin production, seed coat mucilage production, and 

position-dependent root hair spacing.  Furthermore, the triple bHLH mutant, gl3 egl3 tt8, 

phenocopies the ttg1 mutation.  Yeast two-hybrid and plant overexpression studies show 

that EGL3, like GL3, interacts with TTG1, the Myb proteins GL1, PAP1 and 2, CPC and 

TRY, and it will form heterodimers with GL3.  These results suggest a combinatorial 

model for TTG1-dependent pathway regulation by this trio of partially functionally 

redundant bHLH proteins. 

 

Introduction 
The control of cell-fate determination has long been a central question in developmental 

biology. Arabidopsis trichome (hair) initiation and development has emerged as an 

important model system for cell-fate determination and developmental studies in plants. 

The trichome is a large, branched, single cell, easily visible with the naked eye that is 

expendable in the laboratory.  Many mutants that affect form and spacing have been  

isolated.  However, only two classical mutations exist in loci that are required for 

____________________ 
1This chapter was previously published as: A network of redundant bHLH proteins functions in all TTG1-
dependent pathways of Arabidopsis, by Fan Zhang, Antonio Gonzalez, Mingzhe Zhao, Thomas C. Payne 
and Alan M. Lloyd, Development (2003) 130, 4859-4869.  Antonio Gonzalez was co-first author on this 
publication and contributed over half of the data.  
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trichome initiation, i.e. positive regulators of the actual cell-fate decision event.  These 

are a highly pleiotropic locus, Transparent Testa Glabra1 (TTG1) (Koornneef, 1981) and 

a trichome specific locus, Glabra1 (GL1) (Koornneef et al., 1982), which encode for a 

WD repeat-containing protein (Walker et al., 1999) and a Myb element (Oppenheimer et 

al., 1991), respectively.   

     Mutations in TTG1 are suppressed by the expression of the maize bHLH transcription 

factor, R (Lloyd et al., 1992; Galway et al., 1994).  We recently showed that the Glabra3 

(GL3) locus encodes an R-like bHLH protein and that overexpressing the GL3 genomic 

copy in the ttg1 mutant weakly suppresses the trichome defect (Payne et al., 2000).  We 

also showed that GL3 interacts with GL1 in plants and GL3 interacts with GL1 and 

TTG1 in yeast two-hybrid studies, but that TTG1 and GL1 do not interact in yeast. Thus, 

GL3 appears to supply an R-like activity in the trichome development pathway and is 

probably a physical link between the two cell-fate regulators, TTG1 and GL1.  

Paradoxically, gl3 mutants are not glabrous.  The most severe allele only produces a 

modest reduction in trichome initiation.  Furthermore, gl3 mutants do not appear to be 

defective in any of the other TTG1-dependent pathways.  Recently the Transparent 

Testa8 (TT8) locus was identified as encoding a bHLH protein (Nesi et al., 2000).  Thus 

part of the R-like bHLH activity that is required for seed coat pigmentation is supplied by 

TT8.  TT8 mutations confer a transparent testa because of phenylpropanoid pigment 

defects leading to the absence of condensed tannins in the seed coat.  However, similar to 

the incomplete affects of gl3 mutations on trichome initiation, tt8 mutant plants produce 

substantial amounts of the phenylpropanoid pigment, anthocyanin.   It appeared that 

either the R-like activities supplied by GL3 and TT8 enhanced, but were not absolutely 

required for the activation of trichome and anthocyanin production, or there were one or 

more partially functionally redundant loci responsible for the remainder of the bHLH 

protein requirement in these pathways.  In addition, no bHLH locus had been identified in 

the position-dependent cell-fate pathway at work in root hair hairless cell file 

differentiation, or in the seed coat differentiation pathway that leads to mucilage 
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production, both of which are also controlled by TTG1 (Galway et al., 1994; Koornneef, 

1981). 

     In order to test the redundancy hypothesis, we performed a genetic enhancer screen in 

the gl3-1 background.  A novel unlinked locus was identified, that gave totally glabrous 

plants when combined with the gl3-1 mutation.  Because our previous work showed that 

overexpression of the bHLH locus, At1G63650, could suppress ttg1 mutations (Payne et 

al., 2000), we focused on this locus as potentially redundant with GL3.  We have 

identified this Enhancer of Glabra3 (EGL3) locus as the bHLH-encoding gene, 

At1G63650. EGL3 is required along with GL3 for trichome initiation.  In addition, the 

double mutant was found to be ttg1-like, having altered root hair positioning, reduced 

mucilage production and reduced anthocyanin production. Furthermore, the triple bHLH 

mutant, gl3-1 egl3-1 tt8-1, is essentially phenotypically indistinguishable from the most 

severe ttg1 mutations.  These results explain why ectopic expression of the maize 

anthocyanin-specific bHLH regulator, R, suppresses all of the defects of the ttg1 mutant 

and define roles for a set of three, partially functionally redundant, endogenous bHLH 

proteins in all of the TTG1-dependent pathways of Arabidopsis. 

 

Materials and Methods 
Microscopy 

Scanning electron microscopy was performed as previously described (Payne et al., 2000; 

Windsor et al., 2000). 

 

Arabidopsis strains 

All strains were in the Landsberg erecta (Ler) ecotype unless noted otherwise.  The  

gl3-1, gl3-2 and ttg1-1 strains have been described previously (Payne et al., 2000; Walker 

et al., 1999).  The gl3-1 egl3-1 and gl3-1 egl3-2 strains were created by EMS 

mutagenesis of the gl3-1 mutant background.  6,000 gl3-1 seeds were treated with 0.3% 

EMS according to the method of Lightner and Caspar (Lightner and Caspar, 1998).  The 

selfed progeny from groups of 1,000 mutagenized parents were pooled and 8,000 M2 
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plants from each of the six pools were screened. In this group of 48,000 seedlings, we 

identified eleven enhancer mutants that appeared to have completely glabrous early 

leaves.  Genetic complementation tests revealed that one enhancer was mutated in GL2, 

three were mutated in TTG1, and the other eight fell into two new complementation 

groups.  Seven of the eight fell into a new complementation group identified as having 

lesions in the At1G63650 basic helix-loop-helix (bHLH). It is interesting to note that no 

mutations in GL1 were isolated although we know that gl3 gl1 double mutants are 

hairless and viable. The gl3 enhancer complementation group with the single member has 

not been characterized.  

     The single egl3-1 mutant was isolated by identifying wild-type appearing F2, from a 

gl3-1 egl3-1 to wild-type cross that segregated three wild type to one completely glabrous 

in the F3. These F2 lines had to be homozygous for egl3-1 and heterozygous for gl3-1.  

F3 individuals were identified that segregated only wild-type-appearing progeny in the 

F4 and PCR products were sequenced to verify the egl3-1 homozygous genotype.  

     gl3-2 egl3-1 was identified by crossing an egl3-1 homozygote to gl3-2, selfing the F1 

and identifying completely glabrous F2 progeny.  The genotype was verified by genetic 

noncomplementarity with gl3-1 egl3-1.  

     Genotypes that included tt8 (Enkheim accession) were identified by crossing, selfing 

the F1, and identifying F2 with the appropriate trichome phenotype and a transparent 

testa. The tt8 egl3 double mutant was verified by sequencing egl3, and the others by test 

crosses.   

     The GL1 (Larkin et al., 1994) and PAP1 (Borevitz et al., 2000) overexpression lines 

(both in Col0) were described previously. 

 

Liquid phase whole-mount RT-PCR in situ hybridization 

This in situ protocol is a combination of the RT-PCR protocol of Koltai and Bird (Koltai 

and Bird, 2000) and the whole-mount protocol of Engler et al. (Engler et al., 1998). 

Tissue fixation 
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Soil-grown seedlings were fixed in 1:1 heptane:fixation buffer (0.08 M EGTA, 5% 

formaldehyde and 10% DMSO) for 30 minutes, dehydrated twice for 5 minutes in 

absolute methanol and three times for 5 minutes in absolute ethanol. Samples were stored 

1-3 days in ethanol at –20°C. 

 

Tissue permeabilization and postfixation 

Samples were rinsed once in absolute ethanol and incubated for 30 minutes in 1:1 

absolute ethanol:xylene, washed twice for 5 minutes in absolute ethanol, twice for 5 

minutes in absolute methanol, and once for 5 minutes in 1:1 methanol:PBT (phosphate 

buffered saline + 0.1% Tween 20). Samples were postfixed for 30 minutes in PBT 

containing 5% formaldehyde followed by one rinse with PBS and two rinses with double 

distilled water (ddH2O). 

Liquid phase RT-PCR on whole tissues 

RNase inhibitor, M-MuLV RT, and either the GL3 or EGL3 genes specific reverse 

primer were used to reverse transcribe the GL3 or EGL3 message.  PCR reactions were 

performed with primers listed below with digoxigenin-labeled dUTP to yield a labeled 

PCR product of about 850 bp for GL3 and 650 bp for EGL3. 

     GL3 primer sequence: forward 5’TGGTTGTGCAACGCTCATACGGCG3’;  

     reverse 5’TCCCAGTTTCATCTCTGGCTTCTG3’ 

     EGL3 primer sequence: forward 5’AACGCTGAAACCGCCGATAGC3’;  

     reverse 5’TCTCTCCCAATGTTTTCACA3’ 

Staining and detection 

Immediately after PCR, samples were washed twice for 5 minutes in PBT and blocked 

for 30 minutes in PBT containing 3% BSA.  Pre-absorbed alkaline phosphatase 

conjugated anti-digoxigenin monoclonal antibody (Boehringer Mannheim/Hoffmann-La 

Roche) was diluted 1:1500 in blocking solution.  Samples were incubated overnight at 

4°C in 1 ml of diluted antibody.  Antibody solution was replaced by fresh blocking 

solution and incubated for 10 minutes.  Samples were washed five times in PBT for 15-

30 minutes and placed in 35×10 mm Petri plates with 1 ml of washing buffer (10 mM 
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Tris, 15 mM NaCl, pH 9.5) containing 150 µg/ml 4-nitro blue tetrazolium chloride and 

370 µg/ml 5-bromo-4-chloro-3-indolylphosphate (Boehringer Mannheim/Hoffmann-La 

Roche).  Color development was monitored by microscopy and stopped by rinsing with 

ddH2O. 

 

LUX RT-PCR 

Total RNA was prepared from 100 mg aliquots of 5-day-old seedlings grown on 

germination medium (MS salts, Gamborg’s B5 vitamins, 3% sucrose, 0.8% agar, pH 5.8) 

using a Qiagen RNeasy plant mini kit.  0.75 µg of total RNA was reversed transcribed in 

20 µl reactions using a SuperScript II RT kit (Invitrogen). 

     Unlabeled and fluorophore-labeled primers were designed with the help of LUX web-

based primer design software (www.invitrogen.com/lux).  Primers amplifying target 

(CHS and DFR) and endogenous control (APRT) sequences were FAM- and JOE-labeled, 

respectively.  The labeled T is in bold type. 

     CHS primers: forward, 5’CACCTGCCAGCGATCCTAGACCAGGTG3’;  

     reverse, 5’ACGTGTCGCCCTCATCTTCT 3’ 

     DFR primers: forward, 5’CTACATTTCTGCCGGAACCGTTAATGTAG3’;  

     reverse, 5’CACGCTGCTTTCTCCGCTAA 3’ 

     APRT primers: forward, 5’CAACGTGGCCCTCCTATTGCGTTG3’;  

     reverse, 5’CCGAAATAACCTTCCCAGGTAGC 3’ 

     2 µl of cDNA template was amplified in 50 µl PCR reactions containing 100 nM 

target primers, 125 nM APRT primers, and 60 nM ROX reference dye using platinum 

Taq (Invitrogen) according to the manufacturer’s instructions. Reactions were conducted 

and fluorescence was monitored in a spectrofluorometric thermal cycler (ABI PRISM 

7700).  The comparative cycle threshold (CT) method was used to analyze the results of 

quantitative PCR (User Bulletin 2, ABI PRISM 7700 Sequence Detection System).  

Relative transcript levels of target genes are reported normalized to an endogenous 

reference, APRT (Moffatt et al., 1994; Cowling et al., 1998), and relative to a reference 

calibrator. 



 - 17 -

Constructs 

Many of the GL3, GL1 and TTG1 constructs have been described previously (Payne et 

al., 2000). All others are briefly described here and cloning details are available upon 

request.  All PCR amplification products used in construction were completely 

sequenced. 

     pGL3STR contains the CaMV35S::GL3 cDNA from the start to stop codons in the 

     plant overexpression vector, pLBJ21 (Payne et al., 2000).  

     pEGL3E contains the CaMV35S::EGL3 genomic fragment from the start to stop 

     codons in the plant overexpression vector, pKYLX71 (Schardl et al., 1987).  

     pGL3PGUS contains 2.5 kb of DNA upstream of the GL3 coding region inserted in  

     front of the GUS gene in pBI101.3 (Clontech).  

     pEGL3PGUS contains 3 kb of DNA upstream of the EGL3 coding region inserted in 

     front of the GUS gene in pBG1.1 (Gray-Mitsumune et al., 1999). 

Two-hybrid constructs 

The original EGL3 EST, 146d23T7, encodes a spurious stop codon at predicted codon 

248 (GenBank Accession Number, AF027732).  A new EGL3 cDNA was prepared from 

WS wild-type inflorescence by RT-PCR.  The product encodes a 596 amino acid peptide. 

     pEGL3NA encodes for the 367 amino acid EGL3 amino end in activation domain 

     vector,  pGAD424 (Clontech).   

     pEGL3CTA encodes for the 229 amino acid EGL3 carboxy end 

     from residue 368 through 596 in pGAD424.   

     pCPCDB encodes for the full length CPC protein in DNA binding domain vector, 

     pGBT9 (Clontech).   

     pTRYDB encodes for the full- length TRY protein in pGBT9.   

     pP1MDB encodes for the PAP1 myb domains, amino acids 1-113, in DNA binding 

     domain vector, pAS2-1 (Clontech). 

     pP2MDB encodes for the PAP2 myb domains, amino acids 1-113, in pAS2-1. 

The GL3, GL1 and TTG1 two-hybrid constructs used here have been fully described 

(Payne et al., 2000) and are briefly described here.   
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     pGL3A encodes for the full-length GL3 protein in pGAD424.   

     pGL3NTA encodes for the 400 amino acid GL3 amino end in pGAD424.  

     pGL396A encodes for amino acids 97-635 of GL3 in pGAD424.    

     pGL3211A encodes for amino acids 212-635 of GL3 in pGAD424.   

     pGL3CTA encodes for amino acids 401-635 of GL3 in pGAD424.   

     pGL1NTA encodes for amino acids 1-121 of GL1 in pGAD424.   

     pTTG1B encodes for the full-length TTG1 protein in pAS2-1. 

 

Results 
Genetic Identification of enhancers of gl3-1 

We previously cloned the Arabidopsis R-like bHLH locus, Glabra3 (Payne et al., 2000). 

Ectopic overexpression of GL3 in wild-type plants gives phenotypes similar to ectopic R 

expression and GL3 overexpression partially suppresses the ttg1 mutation.  gl3 mutants 

do not have a truly glabrous phenotype and we speculated that there was another, 

partially functionally redundant bHLH protein involved in trichome initiation.  We 

screened for mutations that result in completely hairless plants in the gl3-1 mutant 

background. Screening of M2 seedlings from EMS-treated gl3-1 Arabidopsis seeds 

resulted in the isolation of 20 independent glabrous lines.  Complementation testing 

revealed two new complementation groups.  Of these two new groups, one was hit only 

once and one was hit seven times. 

     The large new complementation group was designated Enhancer of Glabra3 (EGL3, 

Fig. 2.1 compare A, B, and D).  When the gl3-1 egl3-1 double mutant was crossed to the 

gl3-1 progenitor, the F1 looked like the gl3 parent.  When crossed to wild type, the F1 

looked wild type, indicating that the egl3 mutation is qualitatively recessive. 

 

EGL3 encodes for a bHLH protein similar to GL3 

In order to test whether the GL3-like locus, At1G63650, was mutated in the new gl3-1 

enhancer complementation groups, we sequenced PCR generated fragments.  Lesions at 

this locus that result in premature stop codons were identified in both sequenced alleles of 
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the large complementation group. The stop in egl3-1 is codon 26, TGG to TGA.  The 

stop in egl3-2 is codon 266, CAA to TAA. 

     EGL3 encodes a putative protein of 596 amino acids, 39 amino acids shorter than 

GL3.  The length difference is distributed throughout the coding region. Like GL3, EGL3 

appears to have six introns and the two proteins are approximately 75% similar at the 

amino acid level.  An alignment of GL3 and EGL3 has been presented elsewhere (Payne 

et al., 2000). 

 

gl3 egl3 double mutant is pleiotropic 

Mutations in GL3 have a moderate effect on trichome initiation and a strong effect on 

reducing trichome branching, endoreduplication and cell size (Hulskamp et al., 1994; 

Payne et al., 2000) but no apparent effect on non-trichome pathways.  However, ectopic 

expression of GL3, EGL3 or R will suppress most or all of the defects caused by 

mutations in TTG1 (Lloyd et al., 1992; Galway et al., 1994; Payne et al., 2000) (this 

work).  One possible explanation is that there are multiple TTG1-dependent bHLH 

proteins responsible for the different pathways and that ectopic expression of any one of 

them will bypass the need for TTG1 in many of the pathways.  We characterized the three 

TTG1-dependent non-trichome pathways in the gl3 egl3 double mutant to determine 

whether the absence of both endogenous bHLH proteins conferred pleiotropic defects. 

 

Pigment analysis 

The seeds coats, or testa, of gl3 egl3 are brown, not transparent like the many transparent 

testa mutants including ttg1 (Fig. 2.2M). However, a clear-cut qualitative anthocyanin 

deficit is seen in the hypocotyls and cotyledons of 5-day-old gl3 egl3 seedlings (Fig. 

2.2P).  Anthocyanins are commonly highly expressed in the hypocotyls (Kubasek et al., 

1992) and Fig. 2.2P compares the wild-type strain, ttg1-1, gl3-1, egl3-1 single and the gl3 

egl3 double mutants.  It is clearly evident that the double mutant and ttg1-1 have no 

observable purple anthocyanin compared to the parental line.  The gl3 mutant looks more 

or less wild type and the egl3 mutant has reduced anthocyanin content. 
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Seed coat morphology differentiation 

Wild-type seeds produce copious mucilage during seed coat differentiation and this 

mucilage is released from dry seeds imbibed in water (Windsor et al., 2000; Western et 

al., 2000).  The ttg1 and glabra2 (gl2) mutants (Koornneef, 1981; Koornneef et al., 1982) 

do not produce releasable mucilage.  The gl3 mutants produce normal amounts of 

mucilage as seen by Ruthenium red staining (Sterling, 1970) of seeds imbibed in water 

(Fig. 2.2J).  However, both the egl3 single (not shown) and the gl3 egl3 double (Fig. 

2.2K) mutants produce less mucilage.  This phenotype displays incomplete penetrance 

however, with some seeds producing almost normal amounts of mucilage while most 

produce none or patches of mucilage.  The ttg1, gl2, ap2 (Jofuku et al., 1994) and Myb61 

(Penfield et al., 2001) mutants fail to produce columellae in their mature outer seed coat 

cells and this failure is directly correlated with the absence of releasable mucilage.  Fig. 

2.2 compares the seed coat morphology of gl3-1 (Fig. 2.2A, indistinguishable from wild-

type), gl3 egl3 (Fig. 2.2B), egl3 (Fig. 2.2C) and ttg1 (Fig. 2.2I).  Both the egl3 single and 

the gl3 egl3 double mutants produce many seeds with a testa that exhibits a mosaic of 

cells with and without columellae and collapsed columellae.  Examples of these are 

illustrated in Fig. 2.2B,C. The influence of TT8 on mucilage cell differentiation is 

discussed below. 

 

Position dependent root hair differentiation 

Wild-type Arabidopsis produce root hairs (trichoblasts) in files of epidermal cells that lie 

over the radial wall between two cortical cells.  There are normally eight cortical cells 

with eight separating radial walls and therefore eight files of trichoblast cells separated by 

a variable number of non-hair cell files (Dolan et al., 1994; Galway et al., 1994).  

Mutations in TTG1, Glabra2 and Werewolf (Lee and Schiefelbein, 1999) cause 

essentially all root epidermal cells to assume a hair cell fate, ablating position-dependent 

differentiation.  The gl3 egl3 double mutant exhibits this same ttg1-like phenotype.  We 

have not done extensive quantification of root hair production, but it is clear that the gl3 
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egl3 double mutant (Fig. 2.3B) differentiates root hairs in all cell files, as does ttg1 (Fig. 

2.3C), showing that the double mutant has lost the ability to limit root hair differentiation 

to specific cell files (Fig. 2.3A).  Qualitative observations of gl3 and egl3 single mutants 

show at most, a mild loss of root hair position dependency (not shown). 

 

Trichome phenotype of egl3 single mutant 

Observations of the F2 progeny from the gl3 egl3 × wild type outcross implied that egl3 

had no trichome phenotype by itself, i.e. gl3 is epistatic to egl3.  However, it is possible 

that egl3 single mutants exhibited a subtle phenotype not easily observed with qualitative 

observation. 

     Single egl3-1 mutant lines (Fig. 2.1C) were grown beside wild-type seedlings (Fig. 

2.1A) and scored for trichome number and branching in leaves numbered on to four.  

Table 2.1 shows that the egl3-1 line exhibits a significant reduction in trichome number 

(approximately a 20% drop) and a shift to fewer branches.  The proportion of total four-

branched trichomes dropped from 38% to 18% while three-branched trichomes increased 

from 60% to 78%. 

     One of these lines was crossed to gl3-2 and the F1 were selfed.  Approximately one 

sixteenth of the F2 were completely hairless.  This corroborates the finding that mutations 

in two bHLH loci, GL3 and EGL3 are required to produce a truly glabrous trichome 

phenotype and that this interaction is not specifically dependent on the gl3-1 allele. 

 

Ectopic expression of EGL3 or GL3 suppresses ttg1 

Prior to identifying enhancers of gl3, we overexpressed a PCR-generated genomic copy 

(including introns) of the At1G63650 locus in ttg1-1 and wild type under the control of 

the CaMV 35S promoter.  Overexpression of the At1G63650 /EGL3 genomic clone 

initiated trichome differentiation in the ttg1 background (Fig. 2.1E,G) and increased 

trichome initiation in wild-type (Fig. 2.1J).  However, like the GL3 genomic clone (Payne 

et al., 2000), the overexpressed EGL3 genomic clone was a weak suppressor of the ttg1 

trichome defect.  EGL3 also suppressed the anthocyanin defect of the ttg1 mutation (Fig. 



 - 22 -

2.2Q), as did GL3 (Fig. 2.2Q). EGL3 genomic clone overexpression also suppressed the 

mucilage defect of the ttg1 mutation, while neither GL3 cDNA nor genomic clone was 

able to.  This can be seen by comparing the collapsed columellae of ttg1 that are not 

rescued by GL3 overexpression but are by EGL3 (Fig. 2.2G,H,I). 

     Similar to the suppression of the mucilage defect, overexpressed EGL3 was able to 

suppress the transparent testa defect of ttg1 while GL3 was not (Fig. 2.2N).  In addition, 

the ttg1 lines overexpressing GL3 cDNA consistently had a different trichome phenotype 

(Fig. 2.1F) than those overexpressing either the EGL3 genomic (Fig. 2.1G) or the GL3 

genomic fragment.  The only difference between the GL3 cDNA and genomic DNA 

fragments is the inclusion of the introns. The EGL3 genomic overexpression trichome 

phenotype looked very much like the overexpressed GL3 genomic clone phenotype.  

These had fewer and less branched trichomes than wild type but the trichomes did not 

appear distorted, while the GL3 cDNA produced many short fat distorted trichomes.  

Overexpressed GL3 cDNA in wild type (Fig. 2.1I) was also a much stronger trichome 

initiator than the genomic clone.  Root hairs have not been characterized in these 

overexpression lines.  

 

Coectopically expressed GL3 and EGL3 interact synergistically in ttg1 

The EGL3 and GL3 overexpression lines were crossed to create a ttg1-1 mutant 

background overexpressing both genes.  Together the two genes are extremely strong 

suppressors of the ttg1 trichome defect (Fig. 2.1H), causing the plants to produce far 

more trichomes than wild type.  This is similar to ttg1 plants overexpressing R.  Many of 

these trichomes are highly branched, like the R-induced trichomes. In addition, trichomes 

produced by coectopic expression are not distorted. 

     We also looked at seed coat pigment phenotypes when GL3 or EGL3 were 

overexpressed in ttg1. EGL3 was able to restore some seed coat pigment while GL3 was 

not (Fig. 2.2N).  The GL3/EGL3 co-overexpressing lines produced as much or more seed 

coat pigment as wild type (Fig. 2.2N, upper) indicating that GL3 can participate in seed 

coat pigment regulation. 
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Suppression of gl3 egl3 and tt8 by ectopic GL3 or EGL3 expression 

As further demonstration that these bHLH proteins have overlapping regulatory 

capabilities, we overexpressed GL3 and EGL3 in the gl3 egl3 double mutant and in tt8.  

Each construct was able to suppress the double mutant (not shown).  Ectopic expression 

of the EGL3 genomic clone strongly suppressed, while the GL3 cDNA or genomic clone 

weakly suppressed the tt8 seed coat pigment defect (Fig. 2.2O) similar to the differential 

effect seen in ttg1.  We also found that either gene was able to increase the visible 

pigment content of the tt8 mutant hypocotyls (Fig. 2.2R) but not by much. 

 

The gl3 egl3 tt8 triple mutant phenocopies ttg1 

The tt8 mutant has a transparent testa, like ttg1.  However, unlike ttg1 mutants, it 

produces substantial anthocyanins in the plant body.  Mutants blocked early in the 

anthocyanin pathway lack anthocyanins in the plant as well as having a transparent testa.  

These include the regulatory mutant, ttg1 and mutations in structural genes such as 

chalcone synthase (tt4) (Koornneef, 1990; Feinbaum and Ausubel, 1988) and 

dihydroflavanol reductase (tt3) (Koornneef, 1990; Winkel-Shirley et al., 1992).  

Anthocyanins in the tt8 plant body and seed coat in gl3 egl3 indicates that there is flux 

through this pathway in both genotypes. 

     We produced gl3-1 egl3-1 tt8-1 triple mutants and observed them for anthocyanin 

production by looking at young hypocotyls, a stage when anthocyanin production is 

relatively high.  While the double mutant produced some visible pigment, no anthocyanin 

production was observed in any developmental stage of the triple mutant indicating that 

these three bHLH loci are partially redundant in regulating the anthocyanin pathway.  

Analysis of the regulation of TT4 and TT3 is presented below. 

     Columellae development and mucilage production were observed in the triple 

mutants.  Recall that egl3 single and gl3 egl3 double mutants are partially defective in 

columellae development and mucilage production, but tt8 does not appear to have any 

defect in this pathway (Fig. 2.2D) (Nesi et al., 2000).  Fig. 2.2E, F and L shows that both 
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the gl3 egl3 tt8 triple and the egl3 tt8 double mutants produce collapsed columellae with 

no releasable mucilage indicating these bHLH loci are partially redundant in mucilage 

pathway regulation.  Our evidence indicates that GL3 normally plays no role in mucilage 

production. 

 

EGL3 interacts with GL1 and PAP1 in plants 

GL3 and R interact with GL1 when co-overexpressed in Arabidopsis to produce more 

trichomes (Larkin et al., 1994; Payne et al., 2000) and R and C1 interact to produce more 

anthocyanin pigment (Lloyd et al., 1992).  Here we tested whether co-ectopic expression 

of EGL3 with either of two Myb elements, GL1 and PAP1, would give synergistic 

phenotypes thus indicating interaction. GL1 overexpression alone suppresses trichome 

initiation on true leaves (Fig. 2.2S) (Oppenheimer et al., 1991).  EGL3/GL1 co-

overexpression produces supernumerary trichomes on the hypocotyls and cotyledons and 

excessive trichomes on the true leaves (Fig. 2.2T) indicating a synergistic interaction 

similar to the GL3/GL1 and R/GL1 interactions.  EGL3 and PAP1 cooverexpression 

resulted in more anthocyanin production than in either parent alone indicating a 

synergistic interaction similar to the R/C1 interaction.  This is most easily seen in the 

anthocyanins present in the normally white petals.  PAP1 overexpression alone causes 

increased anthocyanin production, however, the petals are still essentially white (Fig. 

2.2U, left) (Borevitz et al., 2000).  When PAP1 and EGL3 were co-overexpressed, the 

petals were pink with dark pink veins (Fig. 2.2U, right). GL3/PAP1 co-overexpression 

gave the same result (not shown). 

 

 

 

Pigment gene expression analysis 

For molecular verification that members of this set of bHLH genes regulate anthocyanin 

production, expression of the anthocyanin biosynthetic genes, chalcone synthase (CHS) 

and dihydroflavonol reductase (DFR) was analyzed in various genetic backgrounds.  
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Quantitative real time RT-PCR was performed on Ler wild type, ttg1, egl3 gl3 double 

mutant, and egl3 gl3 tt8 triple mutant.  The comparative CT method was used to analyze 

the data. In Fig. 2.4F, the expression levels of CHS and DFR in ttg1 were set to equal 1 

and all other levels are relative to that. Kubasek et al. (Kubasek et al., 1992) showed that 

TTG1 does not regulate transcription of CHS, the first step in the anthocyanin branch of 

the phenylpropanoid pathway, but it does regulate DFR, a later step.  Our results agree 

with that finding.  We also found that the bHLH regulators studied here play no 

appreciable role in regulating CHS.  However, like TTG1, the bHLH regulators positively 

regulate DFR transcription.  DFR expression in wild type is more than 900-fold greater 

than in ttg1, while DFR expression in gl3 egl3 is 100-fold more (9-fold down from wild 

type) and gl3 egl3 tt8 is 15-fold more than in ttg1 (63-fold down from wild- type). 

 

EGL3 interacts with itself, GL3, TTG1 and Myb elements in 2-hybrid analysis 

We previously found that GL3 had three distinct protein-protein interaction domains 

(Payne et al., 2000).  (1) The first 100 amino acids were required for interactions with 

Myb proteins GL1, PAP1 and PAP2, CPC and TRY (the latter four presented here; Table 

2.2), (2) approximately amino acids 200-400 mediated interaction with TTG1, and (3) a 

carboxy end fragment including the bHLH domain was able to interact with itself 

(homodimerize).  We performed a similar but less extensive analysis of EGL3 two-hybrid 

interactions using two EGL3 cDNA fragments.  The amino fragment contains the first 

367 amino acids and excludes the bHLH domain.  The carboxy fragment is 229 amino 

acids long and contains the entire bHLH region.  Two-hybrid studies (Table 2.2) showed 

that the EGL3 amino fragment interacted with full-length TTG1 and the Myb domains of 

GL1, PAP1 and PAP2, CPC and TRY. The EGL3 carboxy fragment interacted with itself 

and the full-length and bHLH end of GL3.  All EGL3 interactions observed were 

consistent with a model where EGL3 and GL3 are able to form essentially the same 

protein-protein interactions. 
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GL3 and EGL3 expression pattern in developing leaves 

We performed whole-mount in situ RT-PCR to observe the gene expression patterns of 

EGL3 and GL3 in seedlings with developing leaves and trichomes (EGL3 shown in Fig. 

2.4A).  Both genes were expressed in young leaves prior to trichome initiation.  They 

became more highly expressed in initiating and young trichome cells.  Expression 

dropped in the pavement cells between trichomes, in the region of early trichome 

development, but remained relatively strong in the base of the leaf where active trichome 

initiation and development was occurring.  The expression became very faint or 

nondetectable in mature trichomes.  Both genes had this same pattern but interestingly, 

EGL3 was consistently expressed at higher levels.  Promoter-GUS fusion experiments 

showed the same overall expression pattern as well as the higher EGL3 expression level 

(GL3GUS shown in Fig. 2.4C).  These expression patterns are similar to those reported 

for Glabra1 (Larkin et al., 1993). 

 

Glabra2 expression in wt and gl3 egl3 leaves 

GL2 expression was observed by using a GL2 promoter-GUS transgenic line that has 

been extensively used (Masucci et al., 1996; Szymanski et al., 1998).  The GL2GUS 

fusion was isolated in the double mutant by crossing and isolating completely glabrous, 

kanamycin resistant F2 plants. Fig. 2.4D shows the typical GL2 expression pattern in 

wild-type plants.  GL2 is expressed in young and developing trichomes but is not strongly 

expressed in young leaves as opposed to EGL3 and GL3. In the gl3 egl3 mutant, GL2 

expression is not detected in the leaves (Fig. 2.4E).  It is interesting that we see relatively 

strong GL2 expression in the stipules of wild-type plants, which remains strong in the 

mutant (arrows in Fig. 2.4D,E).  GL1 is reported to be expressed in stipules 

(Oppenheimer et al., 1991; Larkin et al., 1993) but neither GL3 nor EGL3 expression is 

obvious in stipules. 
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Discussion 

EGL3 defines a role for bHLH proteins in all TTG1-dependent pathways 

A preponderance of circumstantial evidence indicated that there should be bHLH-level 

control of all the TTG1-dependent processes in Arabidopsis.  This evidence has been 

outlined above and includes: (1) the fact that ectopic expression of some bHLH proteins 

can suppress all or subsets of the ttg1-defective phenotypes and, (2) the fact that Myb 

genes regulating these processes have been identified in Arabidopsis and that a postulated 

bHLH partner for most of them has not been identified.  However, until now, genetics 

had revealed only two such bHLH genes, GL3 and TT8, and these genes had only partial 

control over only a subset of the TTG1-dependent pathways. 

     We hypothesized that GL3 was redundant with the At1G63650 locus in the trichome 

pathway at least.  So an enhancer screen in the gl3-1 mutant background was performed, 

looking for mutations in new loci that result in totally bald plants.  Our strategy was to 

sequence the At1G63650 locus in any new complementation group that required the gl3 

mutation to show the hairless phenotype, i.e. mutated loci that were hypostatic to gl3 

mutations.  A new complementation group was identified with lesions shown to be stop 

codons in exons of the At1G63650 (EGL3) locus. 

     Isolation of mutations in the EGL3 locus allowed us to characterize the central role for 

bHLH proteins in all TTG1-dependent processes and show that this central role has been 

masked by partial functional redundancy, an increasingly common theme in Arabidopsis. 

     Although we initially only screened for a trichome defect, the gl3 egl3 double mutant 

was noted to have defects in the other developmental pathways regulated by TTG1.  

These include anthocyanin production and the related seed coat tannin production, 

position-dependent root hair spacing, and seed coat mucilage production.  It was found 

that the new double mutant was partially defective in anthocyanin production, defective 

in root hair spacing, partially defective in seed coat mucilage production, but apparently 

normal for the production of the tannin seed coat pigment. 

     The transparent testa or tt series of phenylpropanoid mutants are missing seed coat 

tannin. TT8 was cloned and shown to encode a bHLH protein responsible for the seed 
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coat tannin but no other phenotypes were reported (Nesi et al., 2000).  We combined the 

tt8 mutation with gl3, egl3 and the gl3 egl3 mutations and found that tt8 and egl3 are 

partially redundant for the seed coat mucilage production.  egl3-1 single mutant has a 

mucilage phenotype similar to the gl3-1 egl3-1 double mutant and when tt8 is combined 

with egl3-1 as either double or triple mutant, the seed coats are devoid of releasable 

mucilage and the columellae are collapsed.  The tt8, gl3 single and tt8 gl3 double mutants 

all produce apparently normal amounts of mucilage and have pronounced columellae, 

indicating that GL3 plays little or no role in this process.  As expected, all mutant 

combinations containing the tt8 mutation have a transparent testa. 

     The tt8 single mutant produces significant amounts of visible anthocyanin pigment in 

the seedling. However, the egl3 gl3 and egl3 gl3 tt8 mutant combinations do not.  

Molecular data indicate that including the tt8 mutation drives down DFR expression more 

than 6-fold from the double to the triple mutant.  This indicates that tt8 probably plays 

some role in activating anthocyanin pathway genes in the plant, but this experiment is 

complicated by the fact that the tt8-1 mutation used here is in a different ecotype and 

other genetic factors may be at work. Winkel-Shirley et al. (Winkel-Shirley et al., 1995) 

also found that the tt8-1 mutant had downregulated DFR but not CHS in seedlings, but 

with the same ecotype caveat as the present work.  Also consistent with our work, they 

showed that DFR but not CHS was even further downregulated in the ttg1 mutant, but 

that DFR expression was still detectable. 

 

bHLH proteins and genetic interactions 

We previously reported interactions between GL3 and other proteins in the yeast two-

hybrid system.  These include interactions with GL1, TTG1 and self interactions.  These 

interactions occurred through separate domains included in roughly the first 100 amino 

acids, amino acids 200-400 and the carboxy end including the bHLH region, respectively.  

A two-hybrid analysis with EGL3 demonstrates the same GL1 and TTG1 interactions as 

GL3, and that GL3 and EGL3 can form heterodimers, and that the EGL3 carboxy end 

forms homodimers.  The Myb-protein anthocyanin regulators PAP1 and PAP2 were both 
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found to interact with EGL3 and GL3 through the same GL1 interacting protein 

fragments.  Myb proteins have been identified that regulate all of the TTG1-dependent 

pathways and we predict that each of these will interact with one or more of the three 

bHLH proteins that are the subject of this paper.  The Mybs not tested here include the 

root hair position regulator Werewolf (Lee and Schiefelbein, 1999), the seed coat 

pigment regulator TT2 (Nesi et al., 2001), and the seed coat mucilage regulator MYB61 

(Penfield et al., 2001).  GL1, PAP1/2, WER, TT2 and MYB61 are so-called R2R3 Mybs, 

containing two Myb repeats and an acidic transcriptional activation domain.  We have 

further shown that both GL3 and EGL3 interact with the single Myb repeat repressors, 

TRY and CPC, and that all of these Myb interactions occur through the same amino 

domains of GL3 and EGL3. 

     We indirectly tested for some of these interactions in plants by looking for 

hypermorphic phenotypic synergism between co-overexpressed bHLH and Myb 

regulators.  We found that we could detect interactions between EGL3 or GL3 and GL1 

and PAP1 and between EGL3 and GL3.  When co-overexpressed, each of these 

combinations gave phenotypes that were far more severe than can be explained by 

additive regulation leading us to conclude the regulators are interacting, probably at the 

protein-protein level. 

     Extensive work has been done to show required interactions between the Myb proteins 

C1 or Pl and the bHLH containing proteins, R or B, to activate the anthocyanin pathway 

in maize and to show that these proteins interact in yeast two-hybrid assays (Goff et al., 

1992).  The general protein-protein interactions presented here are consistent with this 

earlier work.  However, in maize and Antirrhinum (Goodrich et al., 1992), the bHLH 

anthocyanin regulators are not reported to be involved in the regulation of any other 

pathways. In petunia, the Myb/bHLH protein interactions also hold (Quattrocchio et al., 

1998), however, as in Arabidopsis, at least one bHLH protein appears to regulate more 

than just one pathway.  AN1 regulates anthocyanin production, vacuole pH and seed coat 

cell shape (Spelt et al., 2002). 
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Differential function for GL3, EGL3, and TT8 

Our mutant analysis indicates that the three bHLH proteins have overlapping but different 

functions in Arabidopsis.  TT8 alone regulates seed coat pigment, probably participates in 

regulating anthocyanin biosynthesis in the plant, and shares seed coat mucilage regulation 

with EGL3.  We have not uncovered any evidence that TT8 functions in the trichome or 

root hair pathways. EGL3 functions with GL3 in the root hair pathway and trichome 

pathway but has a much smaller effect on trichome development than GL3 as a single 

mutant.  GL3 does not appear to affect seed coat mucilage at all. GL3 and EGL3 together 

regulate anthocyanin accumulation in the hypocotyl with EGL3 apparently having a 

larger role. 

     The GL3 cDNA gives very different trichome phenotypes when overexpressed in the 

ttg1 mutant than either the GL3 or EGL3 genomic fragments.  We have not yet tested the 

EGL3 cDNA and it may behave like the GL3 cDNA.  It is also interesting that 

overexpressed EGL3 genomic fragment is a much better suppressor of seed coat pigment 

defects of the tt8 and ttg1 mutations and the mucilage defect of the ttg1 mutation than 

either GL3 genomic or cDNA fragments.  It may be that GL3 does not normally function 

in the seed coat and that it is unable to productively interact with the seed coat Mybs that 

regulate pigment and mucilage production. 

 

Model for epidermal cell-fate and differentiation 

The data presented in this and other papers indicate that the TTG1 protein directly 

interacts with a set of three bHLH proteins and these bHLH proteins directly interact with 

a larger set of Myb elements (Fig. 2.5).  The genetic evidence is that the pleiotropic 

spectrum narrows as one moves down this regulatory hierarchy. Mutations in TTG1 

affect the maximum number of pathways while mutations in the bHLH proteins affect 

overlapping subsets of the pathways that TTG1 regulates.  Apparently none of the bHLH 

proteins affect all of the pathways and none are specific to one.  As far as we can tell, 

none of the three regulate pathways that are not regulated by TTG1. 
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     Much of the specificity for pathways and tissues seems to lie with the Myb proteins.  

For example, gl1 and wer mutations only affect trichome and root hairs respectively, 

although they can substitute for each other when cis-regulatory regions are swapped (Lee 

and Schiefelbein, 2001).  The PAP Mybs cause increased anthocyanin production when 

overexpressed but they do not affect trichome initiation or root hair production (mucilage 

has not been observed). TT2 and Myb61 Myb mutations also appear to be specific for 

seed coat pigment and mucilage production respectively.  The exceptions to this 

specificity rule are the single Myb repeat proteins Tryptichon and Caprice.  These 

partially redundant proteins repress near neighbor root and shoot epidermal cells from 

assuming the same differentiation states.  Double cpc try mutants exhibit both trichome 

and root hair defects that are not seen in the single mutants (Schellmann et al., 2002).  

The Myb activators appear to affect one specific pathway regulated by TTG1, and like the 

bHLH proteins, none of the Mybs affect pathways not regulated by TTG1. 

     A possible mechanism by which single Myb repeat proteins cause inhibition of a 

particular pathway is by competition with R2R3 Mybs for binding to bHLHs.  In a cell 

destined to be a trichome or a root non-hair cell, an activator complex consisting of 

TTG1-bHLHs-Mybs activates transcription of genes required for cell fate differentiation 

and possibly the repressor genes.  The repressors then move to neighboring cells where 

they bind to bHLHs and form a non-activating or repressive complex consisting of 

TTG1s-bHLHs-single Myb repressor. Evidence for this model comes from the fact that 

the repressors of cell fate are transcribed in cells that have adopted the trichome or non-

root hair cell fate (Schellmann et al., 2002), and in the case of root cells, CPC repressor 

protein accumulates in root hair (repressed) cells (Wada et al., 2002).  Evidence for 

bHLH proteins as the binding targets of single Myb repressors is suggested by yeast-two-

hybrid results demonstrating that Mybs can interact with bHLHs but not with TTG1 or 

each other. 

     The discovery of EGL3 and additional functions for GL3 and TT8 completes the 

search for the missing bHLH proteins required in the regulation of all TTG1-dependent 

pathways.  These proteins have been hypothesized to exist (Lloyd et al., 1992; Lee and 
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Schiefelbein, 1999; Payne et al., 2000; Schellmann et al., 2002) but have been largely 

disguised by functional redundancy within the genome.  This analysis raises many new 

questions for this reticulated regulatory hierarchy.  Identification of the bHLH 

components of TTG1-dependent regulation will allow the study of how these key 

developmental complexes function in the plant. 
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Figure 2.1  SEM of seedlings at the expanded first and second leaf stage.  (A) wild type.           

(B) gl3-1.  (C) egl3-1.  (D) gl3-1/egl3-1 double mutant.  (E) ttg1-1.  (F) CaMV35S::GL3 

cDNA in ttg1-1.  (G) CaMV35S::EGL3 genomic clone in ttg1-1.  (H) 

CaMV35S::GL3/CaMV35S::EGL3 in ttg1-1.  (I) CaMV35S::GL3 cDNA in wild type.   

(J) CaMV35S::EGL3 genomic clone in wild type.  All plants are in the Ler background. 
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Figure 2.2  Seed coat, seedling and flower phenotypes of mutants and transformants. 

(A-I) Scanning electron micrographs of seed coats illustrating the columella phenotypes. 

(J-L) Ruthenium red-stained seed coat mucilage phenotypes. (M-O) Seed coat pigment 

phenotypes.  (P-R) 5-day-old seedlings.  (S,T) First and second leaf stage seedlings. 

(U) Single flowers.  (A) gl3-1 single mutant (looks like wild type).  (B) gl3-1 egl3-1 

double mutant.  (C) egl3-1 single mutant.  (D) tt8 single mutant (looks like wild type). 

(E) egl3-1 tt8 double mutant.  (F) egl3-1 gl3-1 tt8 triple mutant.  (G) ttg1-1.  

(H) CaMV35S::EGL3 in ttg1-1.  (I) CaMV35S::GL3 in ttg1-1. (J) gl3-1 single mutant 

(looks like wild type); (K) gl3-1 egl3-1 double mutant (looks like egl3-1 single mutant); 

(L) egl3-1 tt8 double mutant.  (M) Left: wild type; right: ttg1-1 mutant.  (N) Lower left: 

CaMV35S::GL3 in ttg1-1; lower right: CaMV35S::EGL3 in ttg1-1; upper center: hybrid 

expressing CaMV35S::GL3 and CaMV35S::EGL3 in ttg1-1.  (O) Lower center: tt8; upper 

left: CaMV35S::GL3 in tt8; upper right: CaMV35S::EGL3 in tt8.  (P-R) Seedlings in 

order left to right: (P) wild type, ttg1-1, gl3-1, egl3-1, gl3-1 egl3-1 double mutant; (Q) 

ttg1-1, CaMV35S::GL3 in ttg1-1, CaMV35S::EGL3 in ttg1-1, hybrid expressing 

CaMV35S::GL3 and CaMV35S::EGL3 in ttg1-1; (R) tt8, CaMV35S::GL3 in tt8, 

CaMV35S::EGL3 in tt8.  (S) CaMV35S::GL1 in wild type.  (T) Hybrid expressing 

CaMV35S::GL1 and CaMV35S::EGL3 in wild type.  (U) Left: PAP1-D flower (wild type 

expressing CaMV35S::PAP1, activation tagged); right: flower of hybrid coexpressing 

CaMV35S::PAP1 and CaMV35S::EGL3. Arrows in the first three panels point to 

examples of columellae types: C, normal round-topped columella; CC, collapsed 

columella; PCC, partially collapsed columella; MC, missing columella; PM, patchy 

mucilage; MM, missing mucilage. 
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Figure 2.2  Seed coat, seedling and flower phenotypes of mutants and transformants. 
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Figure 2.3  SEM of root hair phenotypes.  (A) wild type.  (B) gl3-1/egl3-1 double mutant.  

(C) ttg1-1 mutant. All are in the Ler background.  Hair files are marked with *, non-hair 

files are marked with -.  Bar, 50 mm. 
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Figure 2.4. Gene expression studies.  (A) In situ RT-PCR of EGL3 expression.   

(B) Control minus primers.  (C) GL3::GUS expression pattern.  (D) GL2::GUS 

expression in wt.  (E) GL2::GUS expression in egl3/gl3 mutant.  (F) LUX RTPCR 

analysis of CHS and DFR.  Gene expression levels relative to ttg1 are above the bars.  

CT values and s.d. are below the genotype and test gene labels. 
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Figure 2.5  Regulatory network model.  This reticulated model shows all of the known 

bHLH and myb transcriptional regulators that function the TTG1-dependent pathways.  

The model illustrates the potential and demonstrated interactions among the proteins, the 

narrowing of the specificity of the regulatory function as one goes from WD to bHLH to 

myb, and the redundancies demonstrated at the bHLH and single myb levels. 
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          Table 2.1  Leaf trichome phenotypes for wild-type and egl3-1 mutant Arabidopsis 
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Vectors and fragments are described in the Materials and methods. nt, not tested. 

 

Table 2.2  Positive and negative interaction in yeast two-hybrid analysis. 
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Chapter 3: Regulation of the anthocyanin biosynthetic pathway by the 

TTG1/bHLH/Myb transcriptional complex in Arabidopsis seedlings2 

 

Summary 
In all higher plants studied to date, the anthocyanin pigment pathway is regulated by a 

suite of transcription factors that include Myb, bHLH and WD-repeat proteins.  However, 

in Arabidopsis thaliana, the Myb regulators remain to be conclusively identified, and 

little is known about anthocyanin pathway regulation by TTG1-dependent transcriptional 

complexes.  Previous overexpression of the PAP1 Myb suggested that genes from the 

entire phenylpropanoid pathway are targets of regulation by Myb/bHLH/WD-repeat 

complexes in Arabidopsis, in contrast to other plants.  Here we demonstrate that 

overexpression of Myb113 or Myb114 results in substantial increases in pigment 

production similar to those previously seen as a result of overexpression of PAP1, and 

pigment production in these overexpressors remains TTG1-and bHLH-dependent.  Also, 

plants harboring an RNAi construct targeting PAP1 and three Myb candidates (PAP2, 

Myb113 and Myb114) showed downregulated Myb gene expression and obvious 

anthocyanin deficiencies.  Correlated with these anthocyanin deficiencies is 

downregulation of the same late anthocyanin structural genes that are downregulated in 

ttg1 and bHLH anthocyanin mutants.  Expression studies using GL3:GR and TTG1:GR 

fusions revealed direct regulation of the late biosynthetic genes only.  Functional 

diversification between GL3 and EGL3 with regard to activation of gene targets was 

revealed by GL3:GR studies in single and double bHLH mutant seedlings.  Expression 

profiles for Myb and bHLH regulators are also presented in the context of pigment 

production in young seedlings. 

____________________ 
The findings presented in this chapter were previously published as: Regulation of the anthocyanin 
biosynthetic pathway by the TTG1/bHLH/Myb transcriptional complex in Arabidopsis seedlings, by 
Antonio Gonzalez, Mingzhe Zhao, John M. Leavitt and Alan M. Lloyd, The Plant Journal (2008) 53, 814-
827.  
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Introduction 

The branch of the phenylpropanoid pathway yielding flavonoid-based pigments in plants 

is an excellent model for the study of transcriptional regulation.  Flavonoid pigment 

biosynthetic genes are regulated developmentally and in response to various biotic and 

abiotic stresses by a combination of transcription factors.  These transcriptional regulators 

include members of the Myb, bHLH and WD-repeat families (Carey et al., 2004; Morita 

et al., 2006; Quattrocchio et al., 1999; Schwinn et al., 2006; Spelt et al., 2000; Taylor and 

Briggs, 1990; de Vetten et al., 1997; Walker et al., 1999; Zhang et al., 2003).  Various 

transcription factor combinations can specify the class of flavonoid pigment produced, 

where it will be produced, production in response to a particular stimulus, and whether 

transcriptional regulation of structural genes is positive or negative (Aharoni et al., 2001; 

Baudry et al., 2004; Burr et al., 1996; Hartmann et al., 2005; Lepiniec et al., 2006; Piazza 

et al., 2002; Solfanelli et al., 2006; Taylor and Briggs, 1990; Winkel-Shirley, 2001).   

     This model for transcriptional regulation of the flavonoid pigment pathway emerged 

over 20 years ago with the first cloning of a plant transcription factor, an R2R3 Myb from 

maize (Zea mays) known as colorless1 (C1) (Cone et al., 1986; Paz-Ares et al., 1987).  

Soon after, bHLH transcription factors, such as R, were identified that regulate flavonoid 

pigments in parallel with the Myb proteins (Chandler et al., 1989; Goff et al., 1992; 

Ludwig et al., 1989).  Since then, a general WD-repeat/Myb/bHLH model for regulation 

of the anthocyanin biosynthetic pathway was found to operate in all plant species studied 

including snapdragon (Antirrhinum majus), petunia (Petunia hybrida) and Arabidopsis 

thaliana (Morita et al., 2006; Quattrocchio et al., 1999; Schwinn et al., 2006; Spelt et al., 

2000; de Vetten et al., 1997; Walker et al., 1999; Zhang et al., 2003).  Based (partly) on 

the genes regulated by WD-repeat/Myb/bHLH transcriptional complexes, the flavonoid 

biosynthetic pathway is subdivided into ‘late’ steps that are dependent on these 

complexes and ‘early’ steps that are not (Martin et al., 1991; Pelletier and Winkel 
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Shirley, 1996; Pelletier et al., 1997; Quattrocchio et al., 1993; Winkel-Shirley et al., 

1995; Zhang et al., 2003).  

     In addition to Myb and bHLH transcription factors, proteins containing WD repeats 

are also necessary components of the regulatory complex specifying flavonoid pigment 

production.  The AN11 protein of petunia was the first WD-repeat protein shown to 

regulate genes of the anthocyanin pathway (de Vetten et al., 1997).  TTG1 of Arabidopsis 

is a WD repeat protein-encoding gene with a role in flavonoid pigment production 

(Walker et al., 1999).  In addition to completely lacking flavonoid pigments, ttg1 mutants 

are also defective for the specification of a number of epidermal cell types such as 

trichomes, root non-hair cells, and the mucilage-producing epidermal cells of the seed 

coat (Koornneef 1981).  Overexpression of bHLH proteins such as Glabra3 (GL3) and 

Enhancer of Glabra3 (EGL3) can suppress the ttg1 mutant while multiple bHLH mutants 

phenocopy ttg1 plants.  This suggests that TTG1 operates via the regulation of members 

of this class of Myb/TTG1-dependent bHLH transcription factors and that the Myb-

bHLH-WD repeat protein regulatory complex specifies several epidermal cell fate 

pathways at least in Arabidopsis (Zhang et al., 2003).  More recently, orthologous WD- 

repeat proteins necessary for the proper regulation of anthocyanin biosynthetic genes 

have been identified in other species such PAC1 in maize (Carey et al., 2004) and 

WDR1/Ca in Ipomoea (Morita et al., 2006). 

     In Arabidopsis the Myb components necessary for some of these cell fate pathways 

are well characterized. The Myb Glabra1 (GL1), along with GL3 and EGL3 bHLH 

proteins, is necessary for trichome initiation and patterning (Oppenheimer et al., 1991; 

Payne et al., 2000; Zhang et al., 2003).  Proper root hair patterning requires a Myb known 

as Werewolf (WER) as well as the same bHLHs necessary for trichome production (Lee 

and Schiefelbein, 1999).  With regards to the proanthocyanidin flavonoid pigments 

produced in the inner endothelial layer of the testa, a Myb called Transparent Testa2 

(TT2), in partnership with the Transparent Testa8 (TT8) bHLH transcription factor, is 

required for the biosynthesis of these flavonoid compounds (Nesi et al., 2001; Nesi et al., 

2000).  For all these transcription factor combinations, the bHLH proteins are capable of 



 - 44 -

physical interactions with the Mybs and the TTG1 protein as revealed by yeast two-

hybrid analysis (Payne et al., 2000; Zhang et al., 2003; Baudry et al., 2004).  

     Despite the wealth of knowledge regarding the WD-repeat/bHLH/Myb regulatory 

model governing the phenylpropanoid pathway in many species, and various cell fate 

pathways in Arabidopsis (Bernhardt et al., 2003, 2005; Koornneef, 1981; Lee and 

Schiefelbein, 1999; Lepiniec et al., 2006; Payne et al., 2000; Serna and Martin, 2006; 

Winkel-Shirley, 2001; Zhang et al., 2003), little is known about anthocyanin pathway 

targets of transparent testa glabra1 (TTG1)-dependent complexes and the relative 

contributions of specific bHLH and Myb elements to structural gene regulation.  

Recently, the Production of Anthocyanin Pigment1 (PAP1) Myb has been shown to be an 

anthocyanin regulator in seedlings (Teng et al., 2005).  However, three other Arabidopsis 

Myb candidates (PAP2, Myb113 and Myb114) exist, based on several criteria: sequence 

similarity to PAP1 and other homologous pigment regulators (Fig. 3.1), their ability to 

interact with the Arabidopsis bHLH anthocyanin regulators glabra3 (GL3), enhancer of 

glabra3 (EGL3) and transparent testa8 (TT8) in yeast, and, in the case of PAP2, its ability 

to upregulate the phenylpropanoid pathway when overexpressed (Borevitz et al., 2000; 

Stracke et al., 2001; Zhang et al., 2003; Zimmermann et al., 2004). PAP1 and PAP2 were 

originally identified through activation-tagging experiments, with plants overexpressing 

either of these Mybs showing enhanced accumulation of anthocyanin pigment.  This 

increase in flavonoid pigment production is due to upregulation of the entire 

phenylpropanoid pathway, as evidenced by increases in late structural gene expression 

and more modest increases in early structural gene expression in PAP1-overexpressing 

leaves (Borevitz et al., 2000; Tohge et al., 2005a).  This observation is surprising, as it 

suggests that Myb/bHLH/TTG1 complexes in Arabidopsis possibly regulate more than 

just a late subset of flavonoid pathway genes, contrary to pathway regulation by bHLHs 

and Mybs in other plant species and contrary to studies showing that GL3, EGL3, TT8, 

TT2 and TTG1 regulate late genes such as dihydroflavonol reductase (DFR) and the 

proanthocyanidins-specific structural gene Banyuls (BAN) but not the early gene 

chalcone synthase (CHS) nor the general phenylpropanoid genes phenylalanine ammonia 
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lyase (PAL) and cinnamate 4-hydroxylase (C4H) (Baudry et al., 2004; Nesi et al., 2000, 

2001; Zhang et al., 2003). 

     In this study, we attempt to better understand flavonoid pathway regulation by 

Myb/bHLH/TTG1 transcriptional complexes of Arabidopsis.  Myb113 and Myb114 are 

identified as able to regulate the anthocyanin pathway.  Overexpression of either gene 

results in enhanced accumulation of anthocyanin pigments similar to PAP1 and PAP2 

overexpressors.  Myb113 overexpression in seedlings gives increased expression of the 

‘late’ gene leucoanthocyandin dioxygenase (LDOX) but not the early gene CHS.  Pigment 

overaccumulation in Myb overexpressors is bHLH/TTG1-dependent, underscoring the 

requirement for all members of the complex for gene activation.  Plants harboring a 

silencing construct targeting all four Mybs show decreased Myb gene expression and 

strong visible decreases in pigmentation throughout the plant life cycle (but produce 

seeds of normal color).  These Myb-silenced plants show decreased expression of the 

same late anthocyanin biosynthetic genes that are reduced in bHLH anthocyanin and ttg1 

mutants; early pathway gene expression remains unaffected in Myb silenced mutants and 

bHLH and ttg1 mutants.  Studies utilizing 35S:GL3:GR and 35S:TTG1:GR fusions in 

seedlings reveal that late anthocyanin biosynthetic genes (but not early biosynthetic 

genes) are direct targets of TTG1-dependent transcriptional complexes.  In addition, 

GL3:GR studies in single and multiple bHLH mutant seedlings demonstrate a greater 

contribution by EGL3 than by GL3 in anthocyanin structural gene regulation.  Seedling 

expression profiles via promoter:GUS and RT-PCR analysis are presented for 

Arabidopsis Myb and bHLH anthocyanin regulators. 

 

Materials and Methods 

Arabidopsis accessions 

All lines used in this study are in the Columbia (Col), Landsberg erecta (Ler) or No-0 

backgrounds as noted.  The egl3-1 (Ler background) and gl3 egl3 tt8 bHLH mutants have 

been described previously (Zhang et al., 2003). pap1-D plants (Col background) 
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(Borevitz et al., 2000) were kindly provided by J. Borevitz, University of Chicago.  The 

egl3 insertion line SALK 019114, the tt8 insertion line SALK 030966 and the myc1 

insertion line SALK 057388 (Col background) were acquired from the Arabidopsis 

Biological Resource Center (Alonso et al., 2003).  The GL3 insertion line 

WiscDsLox412G05 (Col background) was obtained from the Arabidopsis Knockout 

Facility at the University of Wisconsin-Madison (Sussman et al., 2000).  The pap1 

insertion line pst16228 (No-0 background) was obtained from the Riken Biological 

Resource Center (Kuromori et al., 2004). Myb RNAi plants (Col-0 background) express a 

small silencing RNA hairpin targeting PAP1, PAP2, Myb113 and Myb114 transcripts. 

PAP1 RNAi plants (Col background) express a small silencing RNA hairpin targeting the 

PAP1 message.  The transgenic line expressing 35S:TTG1:GR in Ler (Baudry et al., 

2006) was generously provided by L. Lepiniec, Institut Jean-Pierre Bourgin.  Plants were 

grown in soil at 21°C in continuous white light, or seedlings were grown on germination 

medium containing 3% sucrose as described by Zhang et al., (2003). 

 

Plasmid construction 

pGWQM.  A 24nt sequence that is perfectly conserved among PAP1, PAP2, Myb113, 

and Myb114  (Fig. 3.1) was used to design a hairpin and four bp loop RNAi silencing 

construct targeting all four messages.  The following sense and antisense oligos flanked 

by Gateway recombination sites attB1 and attB2 (Invitrogen) were annealed and the 

double stranded form was recombined into pDONR222 (Invitrogen).    

5’ attB1-taagtatggagaaggcaaatggcaCGAAtgccatttgccttctccatactta-attB2-3’ 

5’ attB1-attcatacctcttccgtttaccgtGCTTacggtaaacggaagaggtatgaat-attB2-3’ 

pLBJ17-rfb.  pLBJ17 (Payne et al., 2000) was converted into a Gateway destination 

vector.  XhoI and SstI sites were introduced on the flanks of the rfb cassette B by PCR 

and product was TOPO TA cloned (Invitrogen).  The rfb B XhoI/SstI fragment was 

ligated to XhoI/SstI cut pLBJ17, producing pLBJ17-rfb.          

p35QM.  pGWQM was used in a Gateway LR recombination reaction to subclone the 

Myb silencing fragment into the plant overexpression vector pLBJ17-rfb. 
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pGWQPAP1.  A 22nt coding sequence specific to PAP1 was used as the basis for an 

RNAi silencing construct targeting only PAP1 message.  The following sense and 

antisense oligos flanked by Gateway recombination sites were annealed and the double 

stranded form was recombined into pDONR222 (Invitrogen). 

5’ attB1-accgtgttgtaagataaagatgCGAAcatctttatcttacaacacggt-attB2-3’ 

5’ attB1-tggcacaacattctatttctacGCTTgtagaaatagaatgttgtgcca-attB2-3’ 

p35QPAP1.  pGWQPAP1 was used in a Gateway LR recombination reaction to subclone 

the Myb silencing fragment into the plant overexpression vector pK7WG2 (Karimi et al., 

2002). 

pGWQPAP2.  A 22nt coding sequence specific to PAP2 was used as the basis for an 

RNAi silencing construct targeting only PAP2 message.  The following sense and 

antisense oligos flanked by Gateway recombination sites were annealed and the double 

stranded form was recombined into pDONR222 (Invitrogen).  

5’ attB1-gtcttcgtgttgtaagtctaaaCGAAtttagacttacaacacgaagac-attB2-3’ 

5’ attB1-cagaagcacaacattcagatttGCTTaaatctgaatgttgtgcttctg-attB2-3’ 

p35QPAP2.  pGWQPAP2 was used in a Gateway LR recombination reaction to subclone 

the Myb silencing fragment into the plant overexpression vector pH7WG2 (Karimi et al., 

2002). 

p35Myb113.  The 971bp Col Myb113 genomic locus from the start to stop codons was 

amplified using the primers below and recombined into pDONR222 to produce 

pGWMyb113.  Myb113 was recombined from pGWMyb113 into pH7WG2 (Karimi et 

al., 2002).   

     Forward: 5’ attB1-atgggcgaatcacccaaagggttg-3’ 

     Reverse:  5’ attB2-ctaattcagttctaaagtctcttc-3’               

p35Myb114C.  The 1078bp truncated Col Myb114 genomic locus from the start to 

(internal) stop codons was amplified using the primers below and recombined into 

pDONR222 to produce pGWMyb114C.  The Col Myb114 gene was recombined from 

pGWMyb114C into pLBJ17-rfb plant overexpression vector.   

     forward: 5’ attB1-atggagggttcgtccaaagggttg 3’ 
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     reverse:  5’ atB2-ctaaaaaatatcgagtttttggg 3’ 

p35Myb114L.  The 1551bp Ler Myb114 genomic locus from the start to stop codons was 

amplified using the primers below and recombined into pDONR222 to produce 

pGWMyb114L.  The Ler Myb114 gene was recombined from pGWMyb114L into 

pH7WG2 (Karimi et al., 2002).   

     forward:  5’ attB1-atggagggttcgtccaaagggttg 3’ 

     reverse:  5’ atB2-ctaaaaaatatcgagtttttggg 3’ 

pPAP1pG.  an approximately 2.2kb fragment upstream of the PAP1 start codon was 

amplified from Col genomic DNA using the primers below and recombined into 

pDONR222 to produce pGWPAP1p.  pGWPAP1p was then used to recombine the PAP1 

promoter fragment into pKGWFS7 GUS vector (Karimi et al., 2002).   

     forward: 5’ attB1-cattgcgttttctgggattcg-3’ 

     reverse:  5’ attB2-ggaacaaagatagatacgtaa-3’               

ProGL3:GUS and ProEGL3:GUS constructs have been previously described (Zhang et 

al., 2003).  

pB35GL3GR.  pD2L-2 (Payne et al., 2000) was modified for subsequent cloning (as 

described in Bernhardt et al., 2005) to provide a GL3 genomic fragment.  The GR coding 

region was amplified from pRGR (Lloyd et al., 1994) using the primers below, SacI/SalI 

digested and ligated to the SacI/SalI fragment of the modified pD2L-2 resulting in the in-

frame fusion of the GR coding fragment to the 3’ end of GL3 (pGL3GR).  

     forward: 5’ gcggccgcgggagctcgggaggaggagaagctcgaaaaacaaag 3’ 

     reverse:  5’ tctagagtcgactcatttttgatgaaacag 3’ 

 The GL3:GR fusion coding sequence was amplified from pGL3GR using the primers 

below and recombined into pDONR222 to produce pGWGL3GR.  pGWGL3GR was 

then used to recombine the GL3:GR fusion into pB7WG2 (Karimi et al., 2002) to 

produce pB35GL3GR.    

     forward: 5’ attB1-atggctaccggacaaaacag 3’ 

     reverse:  3’ attB2-ctgtcaattttaactaag 3’ 
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Flavonoid biosynthetic gene expression in bHLH and Myb mutants 

Light upon extension (LUX) RT-PCR was performed as described previously (Zhang et 

al., 2003).  Seedlings were grown on germination medium containing 3% sucrose at 21°C 

under continuous white light.  Five reactions were run per target in three independent 

experiments with varying RNA or cDNA preparations (from 4-day-old seedlings) with 

consistent results.  The results of a representative experiment are presented.  

Additionally, a previously described tailed-primer strategy (Boutin-Ganache et al., 2001) 

was used for PCR, in which the target gene specific forward primer is 5’-tailed with a 

generic sequence and used with a 10-fold excess of a LUX FAM fluorophore-labeled 

forward primer (Invitrogen) of the same sequence as the tail.  The tailing scheme was 

adopted because one fluorophore-labeled forward primer can be used with any unlabeled 

target gene primer pair instead of independently labeling all target gene-specific forward 

primers for RT-PCR experiments.  The tail sequence and LUX tail primer are as follows: 

     Tail sequence- 5’CTGCTTGCCGAATATCATGGTG 3’ 

     LUX tail primer- 5’CACCATCTGCTTGCCGAATATCATGGTG 3’ 

     (FAM-labeled nucleotide in bold print)   

The following primer pairs (Sigma-Genosys, http://www.sigmaaldrich.com) were used 

for target gene amplification: 

     LDOX (TT18) tailed forward: 
     5’CTGCTTGCCGAATATCATGGTGGGTTAGGATTTCTTGGGCTGTG 3’ 
     LDOX (TT18) reverse: 
     5’CATCTCCGGCAACGGCTTA 3’ 
     GST12 (TT19) tailed forward: 
     5’CTGCTTGCCGAATATCATGGTGCGTCAGCCATTTGGTCAAGTTC 3’ 
     GST12 (TT19) reverse: 
     5’GCGATGGCTCGTGATTCAAA 3’ 
     PAL1 tailed forward: 
     5’CTGCTTGCCGAATATCATGGTGCGAGCGTGAGATTAACTCCG 3’ 
     PAL1 reverse: 
     5’CGCCTTGTTCCTCGAAACATC 3’ 
     UGT75C1 tailed forward: 
     5’CTGCTTGCCGAATATCATGGTGAGAGTTTAGAGAGTGGTGTTCCG 3’ 
     UGT75C1 reverse: 
     5’CCTCCACGTATCCTCCACAAGC 3’ 
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Primer sequences for DFR (TT3) and CHS (TT4) have been previously given (Zhang et 

al., 2003). 

 

Flavonoid biosynthetic gene expression in GL3::GR and TTG1::GR transgenics 

Seedlings were grown on germination medium containing 3% sucrose at 21°C under 

continuous white light.  Four-day-old seedlings were treated with 20 µM dexamethasome 

or mock-treated with 0.001% ethanol for 4 h, then washed with water and frozen in liquid 

nitrogen.  Total RNA was prepared using the Qiagen plant RNeasy mini kit 

(http://www.qiagen.com/).  Aliquots (4 µg) of RNA were used in 20 µl reverse 

transcription reactions containing 250 nM actin and target gene-specific reverse primers. 

Parallel PCR reactions using reverse transcription reactions as template were set up in a 

total volume of 25 µl with 12.5 µl 2 × SuperPower Syber mixture (ABI; 

http://www.appliedbiosystems.com), and run on a spectrofluorometric thermal cycler 

(ABI 7900HT).  For each target, five PCR reactions containing 400 nM primer and 3 µl 

first-strand cDNA template were performed alongside four actin control PCR reactions 

containing 200 nM actin primers and 1 µl first-strand actin cDNA. The PCR cycling 

parameters used were as follows: 95°C for 10 min, and 40 cycles of 95°C for 15 sec and 

60°C for 1 min.  The comparative cycle threshold method was used to analyze the results 

of quantitative PCR (user bulletin 2, ABI PRISM sequence detection system).  This 

experiment was performed twice for each target with consistent results.  The results of a 

representative experiment are presented.  The following primer pairs (Invitrogen) were 

used for target gene amplification: 

     PAL1-RT-F: 
     5’TCCTCTCTCCTACATCGCcG 3’  
     PAL1-RT-R: 
     5’GCTTCACCGTTGGGACCAGTAG 3’  
     CHI(TT5)-RT-F: 
     5’CTTCGCTCTCTCCCCTACcG 3’  
     CHI(TT5)-RT-R: 
     5’GATCACAGCGATCCCGGTTT 3’  
     F3H-RT-F: 
     5’GACCAAGTCGGTGGATTACAAGC 3’ 
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     F3H-RT-R: 
     5’TTCCTTCAACAGGCTGAACcG 3’  
     F3'H-RT-F: 
     5’ACCCGAGAGATTCTTACCcG 3’   
     F3'H-RT-R:  
     5’TCGAAATCGCTTCCTTTCACAT 3’  
     DFR(TT3)-RT-F: 
     5’CATGTGTTAAGGCAAAGACcG 3’ 
     DFR(TT3)-RT-R:  
     5’ATTAACGGTTCCGGCAGATGAA 3’  
     LDOX-RT-F: 
     5’GGAGCGTGTCAAGAAAGCcG 3’ 
     LDOX-RT-R:  

5’TCTTTCCAGTGGCTTGATCGTTT 3’  
TT4-RT-F(CHS): 
5’TTACCTTCCGTGGTCCCTCTG 3’ 
TT4-RT-R(CHS):  
5’CACTGAAAAGAGCCTGACcG 3’  
EGL3-RT-F: 
5’CACTAGACGAGCTTCCGCcG 3’ 
EGL3-RT-R:  
5’AGTACCACTCGGTGTCGGTGAG 3’  
TT8-RT-F: 
5’GTCCTCAACAACGGGTCTTGG 3’  
TT8-RT-R: 
5’TTCCTCGTCTTTATTGCACcG 3’  
GST-RT-F: 
5’TCAAGAATGCAGCAAAGGAAGA 3’  
GST-RT-R: 
5’AACCAATGTCGATGAACCCG 3’  
FLS1-RT-F: 
5’GCATAGGACGACGGTGGATAAA 3’ 
FLS1-RT-R:  
5’GGGAGGCTCCAAGAAAACcG 3’  
TTG1-RT-F: 
5’TCCTCGAAGATTACAACAACCG 3’  
TTG1-RT-R: 
5’CGGGAGAGGCTTAACGGTCAT 3’  
PAP1-RT-F: 
5’AGAAGGCAAATGGCACCAAGTT 3’  
PAP1-RT-R: 
5’TCTACAACTTTTCCTGCACCG 3’ 
PAP2-RT-F: 
5’ACCAAGAAGCTGATGCGATTG 3’ 
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PAP2-RT-R:  
5’AACGTCAAACGCCAAAGTGG 3’  

 

Standard RT-PCR 

RNA and first strand cDNA were prepared from Col, pap1-D, and Col mybRNAi four- 

day-old seedlings the same as for LUX RT-PCR experiments previously described 

(Zhang et al., 2003).  50ul PCR reactions were performed using 1ul cDNA, 20nM APRT 

start-stop loading control primers and 200nM start-stop target primers (PAP1, PAP2, 

Myb113 or Myb114).  PCR products were run on 1.7% agarose gels.  For PAP1, 10ul 

after 35 PCR cycles were run.  For Myb113 and Myb114 15ul after 40 PCR cycles were 

run.  PAP2 could only be amplified if APRT control primers were omitted from reactions 

and 15ul after 40 PCR cycles were run.  Approximate product sizes are as followed:  

~750bp for PAP1, PAP2 and Myb113; ~420 for Myb114; ~500 for APRT.  Several 

reactions were run for each target varying RNA or cDNA preps with consistent results.  

Results from a representative experiment are presented.  

 

Results 

Overexpression of Myb113 or Myb114 upregulates the anthocyanin pathway and is 

bHLH-dependent 

Previous phylogenetic analysis revealed that Myb113 and Myb114 of Arabidopsis are 

closely related to the Arabidopsis flavonoid pigment regulators PAP1 and PAP2, and to 

other plant pigment regulators (Stracke et al., 2001).  To further examine Myb113 as a 

potential regulator of the anthocyanin pathway in Arabidopsis, the Columbia genomic 

locus from the start to the stop codons was placed under the control of the CaMV 35S 

promoter.  Myb113 overexpression in Col wild-type plants resulted in overaccumulation 

of anthocyanin pigments.  Indeed, primary transformants harvested from floral-dipped 

plants were identifiable as black seeds due to strongly pigmented embryos visible through 

the seed coat (Fig. 3.2A).  During germination, the seedlings showed anthocyanin 

pigmentation in the cotyledons and hypocotyls, and some faint, inconsistent pigmentation 

in roots (Fig. 3.2B,C).  However, as the seedlings developed over 3–5 days, pigmentation 
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became restricted to non-hair cell files of the root epidermis and the corresponding cell 

files in the hypocotyls, resulting in a striped purple pigment pattern (Fig. 3.2D,E).  These 

are in which GL3 bHLH protein accumulates, as previously shown (Bernhardt et al., 

2005).  As the seedlings continued to develop, anthocyanins generally disappeared from 

hypocotyls and fully expanded cotyledons but persisted in root epidermis and appeared in 

emerging leaf primordial tissue (Fig. 3.2F). 

     This dynamic pigmentation pattern during the first week of seedling development 

overlaps with GL3 and EGL3 bHLH expression patterns (compare Fig. 3.2B,C with Fig. 

3.3D,F and Fig. 3.2F with Fig. 3.3E,G).  In general, as bHLH expression becomes refined 

and restricted to various organs of the growing seedling, so does anthocyanin production, 

illustrating the requirement for bHLH transcription factor activity as well as Myb activity 

for positive regulation of the anthocyanin pathway.  This bHLH requirement is more 

obvious when Myb113 is overexpressed in bHLH and ttg1 mutants.  Newly germinated 

egl3 seedlings overexpressing Myb113 show a very reduced, patchy pattern of 

anthocyanin accumulation in the hypocotyls where EGL3 is normally expressed, but 

anthocyanins accumulate in cotyledon, root and leaf primordia epidermis where GL3 is 

still expressed (compare Fig. 3.3A,B with Fig. 3.3D).  gl3 egl3 double mutant seedlings 

overexpressing Myb113 show an even greater reduction in pigment production, with loss 

of anthocyanins in cotyledons, consistent with loss of GL3 in this organ (compare 

pigment in cotyledons in Fig. 3.3A,B with that in Fig. 3.3C).  ttg1 mutant and gl3 egl3 tt8 

triple bHLH mutant plants overexpressing Myb113 show the least anthocyanin 

pigmentation, consistent with a nearly complete lack of TTG1-dependent bHLH activity 

in these plants (data not shown). 

     Interestingly, the Myb114 gene from the Columbia (Col) accession encodes a putative 

protein that lacks a transcriptional activation domain due to a stop codon just after the 

Myb domains (at amino acid 140). The Landsberg erecta (Ler) Myb114 allele encodes a 

full-length gene (Fig. 3.1).  Other than this stop codon, the Ler and Col Myb114 coding 

sequences are identical, suggesting that the mutation leading to the premature stop in Col 

occurred very recently.  To examine Myb114 as a potential anthocyanin regulator in 
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Arabidopsis, the Ler genomic locus from the start to the stop codons was placed under 

the control of the CaMV 35S promoter and introduced into Ler and Col wild-types. 

Primary transformants were again identifiable as very dark seed due to pigmented 

embryos visible through the seed coat, and germinated as purple seedlings similar to 

Myb113 overexpressors (data not shown).  Again, the Myb114 requirement for bHLH 

proteins in pigment production was evident in early rosette leaves of 35S:Myb114 plants. 

Under normal growth conditions, early rosette leaves exhibit no anthocyanins.  

Strikingly, pigment production in Myb114 overexpressing leaves overlapped well with 

bHLH expression in the context of trichome development (Zhang et al., 2003); 

anthocyanins accumulated on the basal and lateral portions of leaves and in more basally 

located trichomes (Fig. 3.2G,H). 

     Col Myb114 overexpression resulted in dominant repression of TTG1-dependent 

epidermal cell fate pathways.  Overexpressors exhibited trichome and anthocyanin 

deficiencies (compare trichomes and anthocyanins in stems in Fig. 3.2I with that in Fig. 

3.2J), and perhaps a mild effect on seed coat mucilage production (data not shown; root 

hair phenotype was not examined). 

 

Multiple silencing of Arabidopsis anthocyanin Myb candidate genes results in 

downregulation of the anthocyanin pathway 

High sequence similarity between PAP1, PAP2, Myb113 and Myb114 suggested 

functional redundancy, and thus multiple mutants might be required to uncover the full 

scope of anthocyanin pathway regulation by these Mybs.  However, generating multiple 

Myb mutants by recombination is not practical given the very tight linkage of these 

genes: Myb113 (At1g66370), Myb114 (At1g66380) and PAP2 (At1g66390) occur in 

tandem on chromosome 1.  In an attempt to create plants that were deficient for all four 

Myb gene functions, we adopted an RNAi approach, taking advantage of the conserved 

sequence among the Myb transcripts (Fig. 3.1).  A construct overexpressing a 24 bp 

hairpin loop (with sequence perfectly conserved in all four Mybs) was introduced into 

Col wild-type and pap1-Dominant (pap1D) plants.  The pap1-D background serves as a 
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positive control, in that pigment reduction caused through silencing should be 

immediately obvious.  Indeed, pap1-D Myb RNAi transformants showed a very strong 

reduction in the purple pigmentation that these plants normally exhibit (Fig. 3.4A).  Col 

Myb RNAi and pap1-D myb RNAi seedlings observed on medium containing 3% 

sucrose showed an obvious loss of anthocyanins in the hypocotyls and cotyledons (Fig.  

3.4A,B).  The relative anthocyanin content in Col Myb RNAi seedlings compared to Col 

seedlings was greatly reduced as determined by spectrophotometric measurements of 

anthocyanin extracts (Fig. 3.5).  As transformants continued to develop, it was clear that a 

strong reduction in anthocyanin production had been achieved by the silencing construct 

(Fig. 3.4C).  However, production of pro-anthocyanidins (PAs) in the seed coat remained 

unaffected. 

     BLAST searches using the 24 nt RNAi sequence identifies only the four PAP-related 

Mybs, suggesting that it is unlikely that the RNAi transgene targets additional Mybs. 

Also, RNAi lines showing strong anthocyanin deficiencies are phenotypically normal for 

trichome development (regulated by the Myb GL1; Oppenheimer et al., 1991) and PA 

production (regulated by the Myb TT2; Nesi et al., 2001), indicating that closely related 

TTG1-dependent Mybs are not targeted. 

     We performed standard RT-PCR experiments to verify that expression of the targeted 

Myb genes was reduced in seedlings.  Of the four Mybs, PAP1 was the most highly 

expressed in Col seedlings, but PAP2 was barely detectable (see Fig. 3.6: 10 µl after 35 

cycles of PCR for PAP1 cDNA amplification, compared with 15 µl after 40 cycles of 

PCR for PAP2).  In fact, we could only amplify PAP2 cDNA if APRT endogenous 

control primers were excluded from the reaction, so it appears to be close to the limit of 

detection by this method.  Col seedlings also showed low expression levels for Myb113 

and Myb114 (Fig. 3.6, both 15 µl after 40 cycles).  In Col Myb RNAi seedlings, 

expression of all four Mybs was strongly reduced or undetectable.  Thus, it appears that 

all four Myb genes were successfully targeted by a single silencing construct.  

     Next we determined which anthocyanin structural genes might be downregulated in 

Col Myb RNAi plants using a quantitative PCR approach.  We compared expression 
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levels in Col versus Myb RNAi seedlings of the early genes PAL1 and CHS, the late 

genes DFR and LDOX, a glutathione S-transferase (GST12), and flavonoid 3’-

hydroxylase (F3’H) and the glycosyl transferase gene, UGT75C1.  UGT75C1 was of 

interest as a possible late pathway gene because glycosylation of anthocyanins during 

biosynthesis is thought to determine variations in pigment intensity and color (Kroon et 

al., 1994; Yamazaki et al., 1999).  Moreover, it was recently shown that UGT75C1 is 

upregulated by PAP1 overexpression (Tohge et al., 2005a).  F3’H and GST12 were of 

interest as pathway genes whose regulation had never been investigated in ttg1 or TTG1 

dependent Myb and bHLH loss-offunction mutants in Arabidopsis (Kitamura et al., 2004; 

Schoenbohm et al., 2000). 

     Our results indicate that expression of PAL1 and CHS remain unchanged in seedlings 

knocked down for Myb expression, compared with Col seedlings (Fig. 3.7A).  PAL1 and 

CHS were also expressed to wild-type levels in the pap1 insertion line pst16228 from the 

Riken Biological Resource Center (Fig. 3.7A) (Kuromori et al., 2004; Teng et al., 2005). 

However, reduced Myb expression did result in reductions in expression for the late 

genes DFR, LDOX and GST12 (Fig. 3.7A), as well as for F3’H and UGT75C1. Together, 

these results demonstrate that the TTG1-dependent Mybs of Arabidopsis regulate 

transcription of genes comprising the late steps of the anthocyanin pathway, and that 

F3’H and UGT75C1 are coordinately regulated with the late genes. 

 

PAP1 expression overlaps bHLH expression in young seedlings 

We created ProPAP1:GUS, ProPAP2:GUS, ProMyb113:GUS and ProMyb114:GUS lines 

to determine Myb expression patterns in developing seedlings. Overall results from the 

analysis of these reporter lines were similar to the RT-PCR results. PAP1 is 

predominantly expressed over the other three Myb genes in young seedlings (very little to 

no expression was detected in seedlings of the ProPAP2:GUS, ProMyb113:GUS and 

ProMyb114:GUS lines even after overnight staining). 

     The PAP1 expression pattern as revealed by the Pro-PAP1:GUS lines overlaps well 

with bHLH expression patterns both spatially and temporally (compare Fig. 3.3D-F with 
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Fig. 3.4F-H) (Baudry et al., 2006), except that PAP1 is not expressed in the root (Fig. 

3.4F).  PAP1 is well expressed in the hypocotyls and cotyledons of very young seedlings 

(2 to 3days old) but quickly fades over the following days and is ultimately restricted to 

young emerging leaf tissue/primordia of 5- to 7-day-old seedlings.  This pattern, like the 

bHLH patterns, is consistent with the developmental expression pattern of anthocyanins 

in young seedlings, peaking in the hypocotyls and cotyledons of 3- to 5-day-old seedlings 

but quickly fading from these tissues over the following few days before reappearing in 

young emerging leaves.  The expression patterns given in the AtGenExpress database 

(Schmid et al., 2005) for PAP1 and EGL3 verify the promoter:reporter results in young 

seedlings, namely expression peaks in cotyledons and hypocotyls.  Thus the overall 

dynamic expression pattern of PAP1 is consistent with the expression patterns of bHLH 

anthocyanin regulators GL3 and EGL3 (this study) as well as pigment production in 

young seedlings (Kubasek et al., 1992). 

 

PAP1 single mutant seedlings show loss of anthocyanins 

Because PAP1 is the predominant Myb expressed in seedlings, we speculated that a loss 

of PAP1 function only might result in an obvious anthocyanin deficiency, while loss of 

PAP2 would not.  To this end, we created PAP1- and PAP2-specific RNAi lines and 

visually inspected seedlings germinated on 3% sucrose for anthocyanin deficiencies.  Col 

seedlings specifically silenced for PAP1 showed strong reductions in pigment production 

compared to Col wild-type controls (Fig. 3.4D and Fig. 3.5).  By contrast, Col seedlings 

harboring a PAP2-specific silencing construct appeared essentially wild-type for 

anthocyanin content (Fig. 3.5).  In the course of this work, pap1 insertion mutant 

seedlings (pst16228) in the No-0 ecotype from the Riken Biological Resource Center 

(Kuromori et al., 2004) were shown to be anthocyanin-deficient (Teng et al., 2005).  We 

also found that pst16228 seedlings displayed an anthocyanin-deficient phenotype similar 

to the PAP1 RNAi line (Fig. 3.4E), further demonstrating that a loss of PAP1 function 

alone is sufficient for loss of anthocyanins in young seedlings. 
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TTG1-dependent bHLH transcription factors of Arabidopsis regulate ‘late’ 

flavonoid pathway genes 

It has been shown previously that ttg1 and bHLH multiple mutant seedlings have reduced 

expression of the late flavonoid pathway genes DFR and LDOX, but not the early genes 

CHS and PAL (Pelletier et al., 1997; Winkel-Shirley et al., 1995; Zhang et al., 2003).  To 

better characterize the extent of pathway regulation by Arabidopsis bHLHs, and for 

comparison with pathway regulation by the Arabidopsis Mybs studied here, we compared 

expression levels of various anthocyanin structural genes in bHLH mutants, ttg1 mutants 

and the wild-type by quantitative PCR.  Because Myc1 has been shown to interact with 

TTG1-dependent Mybs and is paralogous with GL3, EGL3 and TT8 (Zimmermann et al., 

2004), we created a quadruple TTG1-dependent bHLH mutant to represent the strongest 

bHLH loss-of-function line (although preliminary investigations indicate little or no role 

for Myc1 in anthocyanin biosynthesis). 

     F3’H, LDOX, GST12 and UGT75C1 are downregulated in bHLH multiple mutant 

seedlings as well as in ttg1 seedlings (Fig. 3.7A).  PAL1 and CHS expression did not 

differ compared to wild-type in any of the mutants evaluated (including the bHLH 

quadruple mutant; Fig. 3.7A), indicating that early gene expression is not affected by a 

severe loss in bHLH function.  These results indicate that the bHLH transcription factors, 

like the TTG1 protein, are regulators of late-acting flavonoid pathway genes, and that 

F3’H and UGT75C1 are coordinately regulated with these genes. 

 

GL3:GR and TTG1:GR studies in seedlings reveal direct regulation of anthocyanin 

genes by the TTG1-dependent complex 

To better define the flavonoid biosynthetic gene set regulated by TTG1/bHLH/Myb 

transcriptional complexes, GL3 and TTG1 were fused to the glucocorticoid receptor 

(Baudry et al., 2006; Lloyd et al., 1994) and placed under the control of the CaMV 35S 

promoter. These fusion proteins, constitutively expressed in plants, are inactive without 

dexamethasone (DEX) treatment.  Addition of DEX allows the chimeric transcription 
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factors to regulate their primary and secondary targets. Simultaneous treatment with DEX 

and cycloheximide (CHX) blocks de novo protein synthesis, allowing the identification 

of primary targets (Sablowski and Meyerowitz, 1998).  Recovery of the gl3 egl3 double 

mutant and the ttg1 mutant by GL3:GR and TTG1:GR fusions, respectively, indicated 

that these chimeric proteins were functional (Fig. 3.9) (Baudry et al., 2004). 

     35S:GL3:GR transgenic gl3 egl3 seedlings were assayed by quantitative PCR for gene 

expression changes after DEX induction for a range of flavonoid biosynthetic and 

regulatory genes.  This experiment identified the structural genes F3’H, DFR and LDOX, 

and the regulatory genes TT8 and PAP2, as upregulated by GL3 overexpression (Fig. 

3.7B).  The experiment was repeated with a DEX plus CHX treatment to determine 

whether any of these loci are directly regulated by GL3. All three structural genes were 

again upregulated in response to GL3::GR induction (Fig. 3.7B).  Also, TT8 was directly 

upregulated by GL3, consistent with the findings of Baudry et al., (2006) identifying TT8 

as a direct target of TT2 and TTG1. Interestingly, PAP2 appears to be a secondary target 

of GL3. 

     35S:TTG1:GR transgenic ttg1 seedlings were similarly analyzed for expression 

changes in flavonoid biosynthetic and regulatory genes after DEX induction. DEX 

induction of TTG1:GR resulted in upregulation of F3’H, DFR, LDOX and TT8 in 

transgenic ttg1 seedlings (Fig. 3.8A).  Induction with DEX plus CHX identified DFR, 

LDOX and (as previously shown by Baudry et al., 2006) TT8 as direct targets of TTG1. 

Although identified as a direct target of GL3, F3’H appears to be a secondary target of 

TTG1. 

 

 

GL3 and EGL3 differentially regulate anthocyanin genes 

We next determined the effects on gene regulation of DEX induction in 35S:GL3:GR 

transgenic gl3 single versus transgenic gl3 egl3 double mutants.  Genes tested included 

TTG1, TT8, F3’H, DFR and LDOX, and expression changes are reported as fold increases 

relative to mock-treated 35S:GL3:GR transgenic gl3 egl3 seedlings. 
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     TT8 is expressed to higher levels in non-induced gl3 mutant seedlings than in DEX-

induced gl3 egl3 double mutant seedlings, suggesting that EGL3 contributes more to TT8 

regulation than GL3 even when GL3 is overexpressed (Fig. 3.8B).  Moreover, TT8 

expression is highest in DEX-induced gl3 single mutant seedlings (to about twice the 

levels in DEX-induced double mutant and non-induced single mutant seedlings), 

suggesting that both GL3 and EGL3 can additively contribute to the regulation of TT8. 

Similarly, F3’H reaches its highest expression levels in DEX-induced gl3 single mutant 

seedlings, with only about half as much expression observed in the DEX-induced double 

mutant and non-induced gl3 single mutant (Fig. 3.8B).  Again, this suggests additive 

effects by these bHLH proteins for F3’H regulation, with perhaps a greater contribution 

by EGL3 considering that GL3 is driven by a strong promoter. 

     Interestingly, this experiment suggests a different mechanism for the regulation of 

DFR and LDOX compared with TT8 and F3’H.  For either DFR or LDOX, the highest 

levels of expression are achieved in both non-induced and DEX-induced gl3 single 

mutant seedlings (Fig. 3.8B); overexpressing GL3 has no effect as long as the wild-type 

EGL3 locus is present.  This suggests a greatly reduced role for GL3 in DFR and LDOX 

regulation, consistent with the observation that fold increases in DEX-induced over non-

induced double mutant seedlings for DFR and LDOX are only about half as high as the 

increases observed for TT8 and F3’H in the double bHLH mutant.  This finding also 

provides molecular verification for phenotypic differences between gl3, egl3 and gl3 egl3 

mutant seedlings, which similarly suggests a greater role for EGL3 in anthocyanin 

biosynthesis (Fig. 3.5) (Zhang et al., 2003). 

 

Discussion 
Despite being a heavily studied pathway in the most intensely studied plant molecular 

genetic model, Myb flavonoid pigment pathway regulators first identified in maize over 

20 years ago (and subsequently in a diverse group of plant species) remain to be 

conclusively identified in Arabidopsis. Here we describe the creation of Arabidopsis 

multiple-Myb loss-of-function plants that reveal clear-cut anthocyanin deficiencies and 
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produce seeds of normal color.  Also, we identified Myb113 and Myb114 as potential 

regulators of the anthocyanin biosynthetic pathway in Arabidopsis.  During this study we 

found that Myb114, whose Myb domain is highly conserved with those of other 

anthocyanin regulators, is truncated by a stop codon just after the Myb domain in the Col 

ecotype but not in the Ler ecotype.  However, the coding sequence following the early 

stop codon in the Col allele is identical to the same region of the functional full-length 

Ler Myb114 allele, indicating that the early stop codon observed in the Col allele is a 

very recent mutation with the rest of the gene seemingly still intact.  

 

Consequences of PAP myb and bHLH overexpression in Arabidopsis  

Prior to this study PAP1 and PAP2 were recognized as candidates for Myb regulators of 

the anthocyanin pathway as revealed by overexpression experiments (Borevitz et al., 

2000).  Plants overexpressing PAP1 or PAP2 show dramatic over-accumulation of purple 

anthocyanin pigments, although here we demonstrate the phenotype remains dependent 

on TTG1 and bHLH proteins.  The overexpression phenotype is the result of increased 

transcription of many of the structural genes along the flavonoid pathway leading to the 

production of anthocyanins (Boevitz et al., 2000; Tohge et al., 2005a).  Historically these 

genes have been classified as “early” pathway genes independent of Myb/bHLH/TTG1 

regulation and “late genes” whose transcription depends upon Myb/bHLH/TTG1 proteins 

(Martin et al., 1991; Quattrocchio et al., 1993; Shirley et al., 1995; Pelletier and Shirley, 

1996; Pelletier et al., 1997; Zhang et al., 2003).  Thus, overexpression of Arabidopsis 

bHLH anthocyanin regulators results in a modest anthocyanin phenotype at best, 

presumably because only part of the pathway is affected, and/or because these same 

bHLHs are not exclusive to the anthocyanin pathway (Zhang et al., 2003); bHLH 

anthocyanin regulators (such as GL3 and EGL3) when overexpressed are capable of 

functional interactions with Mybs specific to other epidermal fate pathways resulting in 

pleiotropic phenotypes consistent with the up-regulation of more than one TTG1-

dependent epidermal fate pathway.  Accordingly, dramatic overproduction of just 

anthocyanins in PAP Myb overexpressors is consistent with the notion that overexpressed 
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PAP Myb proteins interact with TTG1-dependent bHLH proteins to form transcriptional 

complexes that are only functional for the regulation of genes in the anthocyanin 

pathway.  Also consistent with this explanation is the observation that strongly pigmented 

PAP Myb overexpressors may also show suppression of trichome production (Fig. 3.2K), 

similar to trichome suppression (as well as pigment suppression) seen in truncated 

myb114 overexpressors (Fig.3.2J).  In either case an excess of PAP Myb protein 

(truncated or full-length) may sequester limiting bHLH proteins away from interactions 

with Mybs specifying other epidermal fate pathways such as GL1 in the trichome 

pathway, resulting in suppression.  

 

The myb/bHLH/WD-repeat transcriptional complex regulates late structural genes 

of the anthocyanin pathway in many plant species  

Overexpression of PAP Mybs suggested that these genes may normally regulate 

transcription at all stages of the phenylpropanoid pathway (Fig. 3.10) (Borevitz et al., 

2000; Tohge et al., 2005a).  We addressed whether observations in PAP1 overexpressors 

accurately reflect native phenylpropanoid pathway regulation by PAP Mybs in 

Arabidopsis.  If it does, this is contrary to pathway regulation by orthologous Mybs in 

other plant species where the anthocyanin pathway has been examined.  In all cases, only 

a subset of the phenylpropanoid pathway genes are affected by loss-of-function mutations 

in Myb or bHLH regulatory loci, although the particular set of genes may differ between 

species and between tissues within a species (Fig. 3.10).  For example Antirrhinum Myb 

and bHLH mutants show downregulation of structural genes beginning with F3H (Martin 

et al., 1991; Schwinn et al., 2006), while Myb and bHLH anthocyanin regulators of 

Arabidopsis regulate at F3’H (Gonzalez et al., 2008).  In petunia the regulators control 

the anthocynin pathway at DFR (Quattrocchio et al., 1993).  Similarly it was recently 

shown that a pepper anthocyanin Myb mutant does not express DFR or LDOX but does 

express CHS to wild-type levels (Borovsky et al., 2004).  Interestingly, in maize kernels 

the Myb/bHLH transcriptional complex coordinately regulates genes of the flavonoid 

pathway beginning with CHS but in maize seedlings, expression of F3H and DFR but not 
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CHS requires a functional R bHLH allele (Taylor and Briggs, 1991; Deboo et al., 1995).  

Ipomoea myb1/c-1 and wdr1/ca mutants were recently shown to be downregulated for 

genes of the flavonoid pathway beginning with CHS similar to structural gene regulation 

in maize kernels but in contrast to gene regulation observed in other dicots (Morita et al., 

2006). Interestingly, these authors still note a regulatory difference between early and late 

biosynthetic genes with respect to MYB1/C-1 and WDR1/Ca; the early genes examined 

(CHS, CHI and F3H) show expression levels 10-20% of wild-type while late genes 

(F3’H, DFR, LDOX, 3GT, 3GGT and a GST) are undetectable.  Thus a general trend may 

be noted across the plant species studied, in which a WD-repeat/Myb/bHLH 

transcriptional complex predominantly regulates late genes over early genes, with the 

particular pathway steps comprising the late and early sets and the degree of regulation of 

the sets differing between species and tissues (Fig. 3.10). 

 

The TTG1-dependent Mybs and bHLHs of Arabidopsis regulate late anthocyanin 

pathway genes, beginning with F3’H 

It should be noted that, where examined, genes of the general phenylpropanoid pathway 

before CHS (such as PAL, C4H and 4CL) are never downregulated in WD-repeat or WD 

repeat-dependent regulatory mutants (Martin et al., 1991; Nesi et al., 2000; Quattrocchio 

et al., 1993; Winkel-Shirley et al., 1995).  However, it has been observed that PAP1 

overexpression results in upregulation of genes across the entire phenylpropanoid 

pathway, including genes such as PAL1 (Borevitz et al., 2000; Tohge et al., 2005a). 

Without analysis of loss-of-function mutants, however, the question remained as to 

whether the Arabidopsis Mybs are such broad regulators of the phenylpropanoid 

pathway.  Based on the observations made in the Arabidopsis multiple Myb knockdown 

and pap1 insertion mutants in this study, it appears that flavonoid pathway regulation by 

Arabidopsis TTG1-dependent Mybs is consistent with pathway regulation by orthologous 

Mybs in other plant species. Analysis of Myb mutant seedlings indicates that, in 

Arabidopsis, these Mybs are regulators of late anthocyanin structural genes (beginning at 

F3’H). 
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     Careful inspection of the literature reveals little or in some cases no upregulation of 

early phenylpropanoid pathway genes by PAP1 overexpression, particularly when 

compared to the large increases in late gene expression.  Microarray experiments have 

reliably shown strong upregulation of late genes by PAP1 overexpression, but only weak 

upregulation of early genes that is not consistently observed among experimental 

treatments or duplicates (Tohge et al., 2005a).  The data presented in this study 

demonstrate a similar trend, with Myb overexpression resulting in slight or no increases 

in early gene expression.  However, we found expression of late genes in Myb 

overexpressing seedlings at about 300% of the wild-type levels.  In the study by Borevitz 

et al., (2000), Northern analysis showed early and late structural gene increases in 6-

week-old pap1-D plants, but the degree of upregulation was difficult to assess as no 

bands on the RNA gel blot were detected for PAL1, CHS and DFR when wild-type total 

RNA preparations were probed. 

     In excess, PAP1 and/or TTG1-dependent transcriptional complexes may have the 

ability to directly regulate early flavonoid genes.  Alternatively, late anthocyanin pathway 

genes may be direct targets of Myb/bHLH/TTG1 complexes in Arabidopsis, with the 

early gene expression changes observed in pap1-D being due to secondary effects such as 

a metabolite feedback phenomenon resulting from strong upregulation of the late 

pathway genes and increased flux through the flavonoid pathway (Jorgensen et al., 2005); 

at the protein level, it has been shown that decreasing the activity of the later part of the 

pathway, as in tt3 and ttg1 mutants, can alter the levels of early flavonoid enzymes 

(Pelletier et al., 1999).  The fact that early gene expression is not responsive toGL3 or 

TTG1 overexpression nor reduced in TTG1-dependent Myb mutants, together with the 

observation that early gene expression in response to Myb overexpression does not seem 

to reliably increase in all instances and organs examined that overaccumulate pigment, 

suggest that these transcription factors do not regulate early flavonoid biosynthetic genes.  

Also, reductions in early gene expression were not detected in pap1 insertion mutant 

seedlings even when grown on 3% sucrose (this study), a treatment previously shown to 

induce PAP1 transcription in wild-type seedlings by over fourfold compared to 1% 
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sucrose (Solfanelli et al., 2006).  Thus the biological/physiological relevance of PAP1 as 

an early gene regulator is questionable. 

     Some TTG1-independent Mybs have been demonstrated to be regulators of the early 

steps of the flavonoid pathway, such as the flavonol-specific activators of 

phenylpropanoid biosynthesis Myb11, Myb12 and Myb111 (Mehrtens et al., 2005; 

Stracke et al., 2007).  Overexpression of these Myb genes in co-transfected Arabidopsis 

protoplasts activates promoters of early genes (CHS, CHI, F3H and FLS) but not of late 

genes (F3’H and DFR).  Target gene expression analysis in myb11 myb12 myb111 triple 

mutant seedlings generally indicated downregulation of early genes but not late genes. 

Although the F3’H promoter was unresponsive to Myb11, Myb12 and Myb111 in co-

transfection assays, F3’H expression did appear to be downregulated in microarray-based 

expression analysis of the myb11 myb12 myb111 triple mutant (Stracke et al., 2007).  The 

authors suggest that this could be due to metabolic feedback, or, alternatively, F3’H is a 

target of these Mybs.  Interestingly, while expression of other late genes such as DFR and 

LDOX is nearly off or is undetectable in ttg1 and strong bHLH loss-of-function mutants 

(Winkel-Shirley et al., 1995; Pelletier et al., 1997; Zhang et al., 2003; this study), we 

have measured F3’H expression that is as high as 30% of wild-type in strong bHLH loss-

of-function multiple mutant seedlings.  This suggests that F3’H may be dually regulated 

by TTG1-dependent and -independent mechanisms, consistent with its requirement in the 

production of both quercetin-based flavonols and cyanidin-based anthocyanins. 

     Curiously, myb11 myb12 myb111 triple mutant seedlings still accumulate wild-type 

levels of anthocyanins (Stracke et al., 2007).  This suggests residual expression levels of 

early genes such as CHS that are required for anthocyanin biosynthesis.  A likely 

mechanism for residual early gene expression in myb11 myb12 myb111 triple mutant 

seedlings might be via light activation of flavonoid biosynthetic genes during 

photomorphogenesis; light-dependent CHS expression is mediated by regulators (such as 

HY5 and CIP7) that can bind to a minimal light-responsive region of the CHS promoter 

(Ang et al., 1998; Yamamoto et al., 1998). 
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     Thus there generally seems to be a division of labor among regulators of the flavonoid 

pathway, with TTG1-dependent transcriptional complexes regulating the production of 

anthocyanins by regulating late steps of the pathway, and leaving the synthesis of 

flavonols to a class of co-activator-independent Mybs (such as Myb11, Myb12 and 

Myb111) that regulate early biosynthetic genes.  The light-dependent regulation of 

flavonoid pathway genes by regulators such as HY5 and CIP7 may represent a third 

distinct regulatory mechanism, although its relation to the other mechanisms is not 

entirely clear. 

 

PAP1, PAP2, Myb113 and Myb114 do not regulate the proanthocyanidin branch of 

the flavonoid pathway 

Previously, the transparent testa2 (TT2) Myb gene of Arabidopsis was identified as 

necessary for PA production, as tt2 mutants produce yellow seeds and are downregulated 

for genes specifically required for this branch of the flavonoid pathway, such as BAN and 

TT12 (Nesi et al., 2001).  Based on the observation of transparent testas resulting from 

overexpression of a dominant-negative PAP1 chimera, it has been suggested that PAP1 is 

a positive regulator of PA production in the inner endothelial layer of developing seed 

coats (Hiratsu et al., 2003; Matsui et al., 2004).  However, neither Col Myb RNAi 

mutants nor the PAP1 insertion line produce seeds with transparent testas, suggesting that 

the PAP Mybs have no role in PA production.  In addition, TT2 is predominantly 

expressed in developing wild-type siliques (Matsui et al., 2004).  Also, PAP1 

overexpression results in a loss of PAs and a gain of anthocyanins in the seed coat (Tohge 

et al., 2005b).  Finally, PAP1 overexpression does not upregulate key structural genes 

such as BAN, TT12 and AHA10 in the pro-anthocyanidin branch of the flavonoid pathway 

(Sharma and Dixon, 2005; Tohge et al., 2005a), consistent with the observation that 

PAP1 overexpression causes a loss of PAs and a gain of anthocyanins in the seed coat.  It 

is therefore unlikely that PAP1, PAP2, Myb113 and Myb114 play a regulatory role in PA 

production, and more likely that the transparent testa phenotype caused by the 

ubiquitously expressed dominant-negative PAP1 chimera is due to suppression of 
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structural and regulatory targets, such as DFR, LDOX or TT8, during seed coat 

differentiation. 

Limitations of tt mutant screens in identifying Arabidopsis Myb and bHLH 

regulators of the anthocyanin pathway  

A 22 year research history beginning with the cloning of the first plant transcription 

factor has led to the well-established Myb/bHLH/WD-repeat transcriptional regulatory 

model of the flavonoid pigment biosynthetic pathway.  It is worth considering why such a 

heavy emphasis on the genetic study of the anthocyanin pathway and its regulation had 

yet to clearly reveal the Myb regulators and only recently the bHLH regulators (Zhang et 

al., 2003) in Arabidopsis.  Previous efforts to characterize the pathway in Arabidopsis 

focused on the isolation of PA-deficient transparent testa (tt) mutants undoubtedly 

because yellow or pale-brown seeds from mutant plants are easily distinguishable from 

brown seeds of wild-type plants (Koornneef 1990; Shirley et al., 1995).  Such an 

approach rapidly proved fruitful, especially for identifying single-copy structural gene 

mutants that result in a loss of all flavonoid-based pigments.  Also identified were the tt2 

Myb and the tt8 bHLH regulatory mutants of PA synthesis.  However these mutants are 

essentially wild-type for anthocyanins produced in the plant body, showing that PA 

production in the seed coat and anthocyanins in the plant body are differentially 

regulated.  Although recoverable by the R bHLH from maize (Lloyd et al., 1992), the 

pleiotropic ttg1 mutant was discovered to be defective for a WD-repeat protein necessary 

for PA and anthocyanin synthesis (as well as for trichome production, root hair 

patterning, and seed coat mucilage production; Walker et al., 1999).  Because the 

emphasis was on anthocyanin pigments in flowers of plant models such as petunia and 

Antirrhinum, Myb and bHLH regulatory mutants were readily identified as white-

flowered varieties (Martin et al., 1991; Quattrocchio et al., 1993).  In retrospect it is now 

clear why Arabidopsis Myb and bHLH anthocyanin regulators evaded detection in 

screens focusing on tt phenotypes. Even a loss of multiple-Myb function in Myb RNAi 

lines resulting in obvious anthocyanin phenotypes did not yield a transparent testa 

phenotype. While an activation tag screen did identify PAP1 and PAP2 as likely 
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anthocyanin regulators their exact role in pathway regulation was unclear and indeed a 

misleading scenario was suggested by molecular analysis of these gain-of-function 

mutants.  

     RNAi has been heralded as an effective tool for generating loss-of-function mutant 

plants based on its high degree of specificity in targeting single genes (Waterhouse and 

Helliwell, 2002).  Very recently it has been recognized for its potential in silencing 

multiple related genes (Schwab et al., 2006).  Here we validated the usefulness of this 

approach in circumventing the problem of functional redundancy to conclusively identify 

the Arabidopsis Myb regulators of the anthocyanin pathway.  Analysis of Myb RNAi 

plants also put to rest the question raised by PAP1 overexpressors of just how extensive 

phenylpropanoid pathway regulation by Arabidopsis Mybs is and how it compares to 

regulation observed in other plant species.   

     Interesting questions remain, however, as to the distinct functions of the four 

Arabidopsis anthocyanin Myb regulators.  It is clear that PAP1 is largely sufficient for 

anthocyanin production in seedlings, but the relative contributions of PAP2, Myb113 and 

Myb114 later in plant development remain unknown.  Based on the regulation of 

anthocyanin production in other genera, it has been proposed that gene duplication and 

subsequent functional diversification of Myb loci is a primary cause of natural variation 

of this trait.  Three Antirrhinum Mybs were recently shown to differentially regulate 

structural genes of the anthocyanin pathway, and striking differences in floral pigment 

patterns and intensity observed in six Antirrhinum species were attributable to variations 

in the activity of this Myb set (Schwinn et al., 2006).  Functional diversification has been 

genetically demonstrated for GL3 and EGL3 in trichome and seed coat development, as 

well as in anthocyanin biosynthesis (Zhang et al., 2003).  Interestingly, GL3 and EGL3 

bHLH proteins contribute differentially to anthocyanin target gene activation (this study), 

molecularly verifying functional diversification between these regulators that could 

possibly contribute to phenotypic variation.  Given this context, it will be interesting to 

determine the full nature of any functional diversification among the Arabidopsis Myb 

set.   



 - 69 -

 

 
 

Figure 3.1.  Alignment of PAP1, PAP2, Myb113 and Myb114 coding regions. 

The outlined box in the Myb majority sequence indicates the 24 nt sequence used for 

multi-RNAi vector construction.  The outlined boxes in the PAP1 and PAP2 sequences 

indicate the 22 nt sequences used for specific silencing of PAP1 and PAP2, respectively. 

The box with a dashed outline indicates the early stop codon in the Col Myb114 allele. 

Black boxes indicate mismatches.  The Myb114 sequence up to the early stop codon is 

from the Col allele. The sequence shown after the early stop codon is identical for both 

the Col and Ler alleles. 
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Figure 3.2.  Transgenic phenotypes of Myb113 and Myb114 overexpression. 
(A-F) Myb113 overexpression in Col.  (A) Dark T1 individuals are identifiable among 
Col seed.  (B) Newly germinated 35S:Myb113 seedling.  (C) Comparison of a Col 
seedling with a 35S:Myb113 seedling.  (D) Seedling showing striped anthocyanin pattern 
in hypocotyls.  (E) Root showing anthocyanin accumulation in non-hair cell files only.  
(F) Anthocyanin accumulation in an older seedling (approximately 7 days old).  (G, H) 
bHLH-dependent anthocyanin expression in young rosette leaves of 35S:Myb114L plants 
in the Ler background.  (I) Col wild-type.  (J) Col overexpressing Col Myb114C allele 
(note the loss of trichomes on leaves and stem and loss of pigment in the stem).  
(K) Ler overexpressing Ler Myb114L allele (note loss of trichomes on leaf blades). 
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Figure 3.3.  Comparison of Myb113 overexpression in bHLH mutants and the bHLH 

expression pattern. 

(A-C) Myb113 overexpression in bHLH mutants.  (A) Myb113 overexpressed in egl3-1. 

(B) Myb113 overexpressed in the egl3 T-DNA insertion mutant.  (C) Myb113 

overexpressed in the egl3 gl3 double insertion mutant.  (D-G) ProGL3:GUS and 

ProEGL3:GUS expression in Col seedlings.  (D) ProGL3:GUS expression in a young 

seedling (approximately 3 days old).  (E) ProGL3:GUS expression in an older seedling 

(approximately 7 days old).  (F) ProEGL3:GUS expression in a young seedling 

(approximately 3 days old).  (G) ProEGL3:GUS expression in an older seedling 

(approximately 7 days old). 
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Figure 3.4.  Myb mutant anthocyanin phenotypes and PAP1 expression pattern. 

(A) Comparison of pap1-D versus pap1-D Myb RNAi seedlings (approximately 4 days 

old) germinated on medium containing 3% sucrose.  (B) Comparison of Col versus Col 

Myb RNAi seedlings (approximately 4 days old) germinated on medium containing 3% 

sucrose.  (C) Comparison of Col versus Col Myb RNAi plants in soil.  (D) Comparison of 

Col seedlings versus PAP1 RNAi Col seedlings (approximately 4 days old) germinated 

on medium containing 3% sucrose.  (E) Comparison of No-0 seedlings versus pap1 

insertion mutant seedlings (approximately 4 days old).  (f-H) ProPAP1:GUS expression 

pattern in Col seedlings. (F, G) Expression in very young seedlings (2-3 days old).       

(H) Expression in an older seedling (approximately 7 days old). 

 

 

 

 

 



 - 73 -

 
 

 

Figure 3.5.  Relative anthocyanin content. 

Anthocyanins were extracted and measured (as described in Neff and Chory 1998) from 

3 groups of 10 seedlings per line.  Values are reported for each line as the average 

measurement (A530 minus A657) from 3 independent extractions. 
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Figure 3.6.  Standard RT-PCR experiments comparing Myb expression in Col seedlings 

versus Col myb RNAi seedlings. 

Triangles indicate the Myb target and diamonds indicate the APRT loading control.  The 

APRT control was omitted from PAP2 lanes (see text). 



 - 75 -

 

 
 
 
Figure 3.7.  Anthocyanin structural and regulatory gene expression.                                
(A) Anthocyanin gene expression in Myb, bHLH and ttg1 mutant seedlings reported as a 
percentage of wild-type expression.  n.d., not detected.  (B) Anthocyanin gene expression 
in gl3 egl3 mutant seedlings expressing GL3::GR.  Expression changes in DEX-treated 
and DEX+CHX-treated plants are reported as fold increases compared with mock 
treatment. 
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Figure 3.8.  Anthocyanin structural and regulatory gene expression. 
(A) Anthocyanin gene expression in ttg1 mutant seedlings expressing TTG1::GR. 
Expression changes in DEX-treated and DEX+CHX-treated plants are reported as 
fold increases compared to mock treatment.  (B) Anthocyanin gene expression in gl3 and 
gl3 egl3 mutant seedlings expressing GL3::GR.  Expression changes are reported as fold 
increases compared to mock-treated gl3 egl3 transgenic seedlings germinated on medium 
containing 3% sucrose. 
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Figure 3.9.  Recovery of anthocyanins in gl3 egl3 seedlings expressing GL3:GR.  (A) 

mock-treated gl3 egl3 transgenic seedlings.  (B) DEX-treated gl3 egl3 transgenic 

seedlings. 

 
 
 
 
 
 
 
 
 
 
 
 



 - 78 -

 
 
 

Figure 3.10. The branch of the phenylpropanoid biosynthetic pathway yielding 

anthocyanins. 

Brackets indicate the early and late divisions of the flavonoid pathway in Arabidopsis, 

with the late genes being those regulated by Myb, bHLH and WD-repeat proteins.  Thin 

horizontal arrows indicate the first structural gene in the pathway that is regulated by 

Myb/bHLH/WD-repeat transcriptional complexes in other plant species. 
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Chapter 4: TTG1 complex Mybs, Myb5 and TT2, control outer seed 

coat differentiation 

 

Summary 
A suite of epidermal characters in Arabidopsis is under the transcriptional control of a 

combinatorial complex containing WD repeat, bHLH and myb proteins. Many genetic, 

molecular and biochemical means have been employed to identify and characterize a 

complete minimal set of complex members required for the trichome initiation, root hair 

spacing, anthocyanin production and seed coat tannin production pathways. In addition, 

the WD and bHLH proteins required for outer seed coat differentiation (development of 

mucilage-secreting epidermal cells) have been identified.  However, until now the Myb 

complex member(s) required for this last WD-bHLH-MYB complex-dependent character 

have remained elusive. Here we identify two mybs, AtMyb5 and TT2, as partially 

redundant in regulating this outer seed coat developmental process with Myb5 having the 

major role. Myb5 and TT2 are shown to be expressed in this outer seed coat domain. We 

also show that MYB5 has weak pleiotropic control over trichome development and tannin 

production and is also expressed in the appropriate places for these functions. TT8 and 

the downstream GL2 and TTG2 regulators of seed coat development are found to be 

downregulated in the myb mutants and a regulatory network is proposed. 

 

Introduction 
Upon fertilization the integument cells of the ovule differentiate to form the seed coat.  

The seed coat is a protective structure for the embryo that also contributes to seed 

dormancy, dispersal and germination.  During seed coat development in Arabidopsis, the 

inner cell layer (the endothelium) of the 3 cell layered inner integument accumulate 

proanthocyanidin (PA) compounds in the vacuole which subsequently oxidize, giving 

Arabidopsis seeds their characteristic brown color (Lepiniec et al., 2006).  The outer most 

cell layer (the epidermis) of the 2 cell layered outer integument undergo an extensive 
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differentiation process resulting in the deposition of copious amounts of pectinaceous 

mucilage laterally into the apoplastic space forcing the cytoplasm into a column at the 

center.  The walls of the cytoplasmic columns as well as the radial walls are highly 

reinforced by secondary thickening, ultimately giving the surface of the mature seed coat 

its characteristic appearance of raised columellae amidst reticulations of radial walls after 

dessication (Western et al., 2000; Windsor et al., 2000; Haughn and Chaudhury, 2005).  

Upon imbibition, mature seeds are enveloped by a layer of extruded hydrophilic 

mucilage.  Analysis of mucilage from wild-type and mutant seeds defective for various 

aspects of pectin biosynthesis have increasingly revealed the complex structural and 

compositional nature of the extruded mucilage capsule (Penfield et al., 2001; Usadel et 

al., 2004; Western et al., 2004; Oka et al., 2007; Macquet et al., 2007a; Macquet et al., 

2007b; Dean et al., 2007).         

     Molecular genetic studies revolving around the transparent testa glabra ( ttg1) mutant 

of Arabidopsis have resulted in a model for the regulation of several developmental 

processes including seed coat development (Koornneef, 1981; Walker et al., 1999; Zhang 

et al., 2003; Schiefelbein 2003; Bernhardt et al., 2005; Haughn and Chaudhury, 2005; 

Lepiniec et al., 2006; Gonzalez et al., 2008).  Other aspects of epidermal development 

impaired in ttg1 mutants are trichome initiation and development, root hair patterning and 

anthocyanin production in the plant body.  In all cases TTG1 works in a complex with a 

particular combination of Myb class and bHLH class transcription factors to specify a 

specific epidermal cell fate.   For example, the Glabra1 (GL1) Myb factor along with the  

Glabra3 (GL3) and Enhancer of Glabra3 (EGL3) bHLH factors are required for trichome 

initiation.  Proper root hair patterning requires the Myb factor Werewolf (WER) together 

with GL3 and EGL3.  PAP1, PAP2, Myb113 and Myb114 Mybs with Transparent Testa8 

(TT8), GL3 and EGL3 bHLH factors control the synthesis of anthocyanin pigments while 

the Transparent Testa2 (TT2) Myb and TT8 bHLH specify the production of 

proanthocyanidin (PA) pigments in the endothelial layer of the developing seed coat.  

Lastly, EGL3 and TT8 control outer seed coat differentiation consistent with the 

expression of both these genes in the developing testa epidermis (Baudry et al., 2006).  
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However, the Myb or Mybs associated with the TTG1 complex that control outer seed 

coat differentiation have not been previously identified. 

     Downstream direct targets of TTG1/Myb/bHLH transcriptional complexes include 

other transcription factors such as the Glabra2 (GL2) homeodomain protein and the 

Transparent Testa Glabra2 (TTG2) WRKY protein (Rerie et al., 1994; Di Cristina et al., 

1996; Johnson et al., 2002; Morohashi et al., 2007; Zhao et al., 2008).  Both GL2 and 

TTG2 have positive roles in trichome outgrowth and branching and in seed coat mucilage 

production. GL2 also regulates root hair patterning while TTG2 additionally functions in 

seed coat PA biosynthesis.      

     All eight of the TTG1 complex-associated Mybs mentioned above cluster into a 

monophyletic clade (Stracke et al., 2001) with one other Myb, AtMyb5, that has no 

genetically defined function.  However, a role in TTG1-dependent developmental 

pathways is suggested by previous expression work (Li et al., 1996) and 2-hybrid 

analysis that demonstrates physical interactions between AtMyb5 and TTG1-dependent 

bHLH regulators (Zimmermann et al., 2004).  Here we identify AtMyb5 as having a 

major role in controlling the transition of the outer seed coat cell from a non-distinct 

ovule surface cell to a highly differentiated state, and we show that AtMyb5 is expressed 

in this outer cell layer.  In addition, AtMyb5 is partially functionally redundant with the 

TT2 Myb element in this process. We also show that GL2, TTG2 and TT8 are down 

regulated in the developing seed coats of myb5 and myb5 tt2 mutants as well as in egl3 

tt8 mutant testas.  We also found that AtMYB5 is expressed in the inner layer of the inner 

testa where PA pigments are produced. The double myb5 tt2 mutant shows a slight 

visible decrease in pigment production indicating that Myb5 is partially redundant with 

TT2 in this process also.  In addition the myb5 mutant displays a quantitative reduction in 

trichome branching and over expression of Myb5 in the gl1 mutant restores trichome 

production.  Moreover, myb5 myb23 double mutants show a lack of stem trichomes in 

contrast to either single mutant.   
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Materials and Methods 
Arabidopsis Accessions 

The following insertion mutant lines in Col-0 background were obtained from the 

Arabidopsis Biological Resource Center (Alonso et al., 2003): SALK 030942 (myb5-1), 

SALK 018613 (myb23-1, Kirik et al. 2005), Salk 005260 (tt2), SALK 019114 (egl3), 

SALK 030966 (tt8).  The gene trap line GT11646 (myb5-2) was obtained from the Cold 

Spring Harbor Genetrap Consortium (genetrap.cshl.org).  gl1-1 and ttg1-1 mutants have 

been previously described (Koornneef, 1981; Oppenheimer et al., 1991; Walker et al. 

1999).  The ProGL2:GUS line was kindly provided by Dr. David Marks.  The 

ProGL2:GUS myb5-1 line was obtained by crossing the ProGL2:GUS line to myb5-1 and 

screening the F2 for GUS positive plants that yielded myb5 mutant seed.  The 

ProGL2:GUS line was crossed to the egl3 tt8 double insertion mutant and a 

ProGL2:GUS egl3 tt8 line was obtained by screening the F2 for GUS positive plants that 

yielded seed mutant for both testa color and mucilage production.  To obtain the 

ProGL2:GUS ttg1-1 line  ttg1-1 was crossed to the ProGL2:GUS line and the F2 

screened for bald plants showing residual GUS staining in the few trichomes ttg1-1 

mutants produce.    

 

Plasmid Construction     

pMyb5PG.  an approximately 2.2 kb fragment upstream of the Myb5 start codon was 

amplified from Col genomic DNA using the primers below and recombined into 

pDONR222 (Invitrogen) to produce pGWMyb5P.  pGWMyb5P was then used to 

recombine the Myb5 promoter fragment into pKGWFS7 GUS vector (Karimi et al. 2002). 

     forward: 5’attB1-gtcagcaagcttcacaagacc-3’ 

     reverse: 5’attB2-ctccgccgtcttcaacaaagc-3’ 

 

p35Myb5.  The Myb5 Col genomic locus from start to stop codons was amplified using 

the primers below and recombined into pDONR222 (Invitrogen) to produce pGWMyb5.  

Myb5 was then recombined from pGWMyb5 into pK7WG2 (Karimi et al. 2002).   
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     forward: 5’attB1-atgatgtcatgtggtgggaag-3’   

     reverse:  5’attB2-ctagtcatgtcctaagctag-3’ 

 

pTT2PG.  an approximately 2.2 kb fragment upstream of the TT2 start codon was 

amplified from Col genomic DNA using the primers below and recombined into 

pDONR222 (Invitrogen) to produce pGWTT2P.  pGWTT2P was then used to recombine 

the TT2 promoter fragment into pKGWFS7 GUS vector (Karimi et al. 2002). 

     forward: 5’attB1-tgttgagtcaacagacacgtg-3’ 

     reverse: 5’attB2-ctcacttttctctctcttgtgg-3’ 

 

Sectioning of developing siliques for histochemical detection of GUS activity 

Developing siliques from promoter:GUS lines were embedded in 5% low melt agarose.  

30-40 µm cross sections of developing siliques were cut using a Vibratome Series 1000 

Plus tissue sectioning system (Ted Pella, Inc.).  Sections were placed in a drop of staining 

reagent containing 1mg/ml X-Gluc substrate and 1 mM potassium ferricyanide/potassium 

ferrocyanide.  Staining was observable within one minute to half an hour depending on 

the reporter line.   

 

Sem of dry seed and light microscopy of developing seed thin sections  

Treatment of dry seed and developing seed for scanning electron microscopy and light 

microscopy of plastic-embedded thin sections was performed as described in Windsor et 

al., (2000).   

 

Gene expression analysis by Quantitative-PCR  

Total RNA was prepared from developing silique using a Qiagen RNeasy plant mini kit.  

1 µg of total RNA was used to produce first-strand cDNA in 20 µl reverse transcription 

reactions using a SuperScript II RT kit (Invitrogen).  24 µl PCR reactions were prepared 

using 1 µl cDNA reaction as template with 12ul 2X SuperPower Syber Q-PCR mixture 

(ABI) and run on a spectrofluorometric thermal cycler (ABI 7900HT).  Target primers 
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were used at 200nM final concentration and 200nM actin primers were used in separate 

control reactions.  The comparative cycle threshold method was used to analyze Q-PCR 

results (User Bulletin 2, ABI PRISM Sequence Detection System).  7 reactions were 

performed per target in parallel with 5 actin control reactions in at least 2 independent 

experiments with consistent results.  The results of a representative experiment are 

presented.  The following primers were used for target and control gene amplification: 

      

     Myb5 forward: 5’ggaggaattacgtcggacgag 3’ 

     Myb5 reverse:  5’tcaatgaccacctgttgccg 3’ 

 

     TTG2 forward: 5’ttgatgatccaagcagaagcaa 3’ 

     TTG2 reverse:  5’ctgattccactgagccttgcg 3’ 

 

     TT8 forward: 5’gtcctcaacaacgggtcttgg 3’ 

     TT8 reverse:  5’ttcctcgtctttattgcaccg 3’ 

 

     Actin forward: 5’tccattcttgcttccctcag 3’ 

     Actin reverse:  5’atcattactcggccttggaga 3’ 

 

Results 
Myb5 expression in trichomes and developing seed coats 

Previous work demonstrated Myb5 expression in trichomes and developing seeds (Li et 

al., 1996).  To verify expression in trichomes and particularly in integument layers of 

developing seed coats, a ProMyb5:GUS construct was created and transformed into Col 

wild-type Arabidopsis line.  Emerging first true leaves of young ProMyb5:GUS seedlings 

showed uniform expression of the reporter gene (Fig. 4.1A).  As the leaves expanded 

expression was restricted to trichomes and leaf margins (Fig. 4.1B).  In seedlings with 

first true leaves fully expanded and with emerging third and fourth leaves, expression was 

observed primarily in trichomes (Fig. 4.1C).  
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     Seeds over a broad range of development from ProMyb5:GUS lines showed 

expression of the reporter gene (Fig. 4.1D-I). This was consistent with high levels of 

Myb5 expression reported by the AtGenExpress database (Schmid et al., 2005) in early 

seed stages with mid-globular embryos through late seed stages with green cotyledon 

embryos.  Whole developing seeds dissected out of siliques showed uniform expression 

and this expression seemed to be in more than one layer of the seed coat (Fig. 4.1D,E).  

Interestingly, completely dry seed from reporter lines stained GUS-positive in the 

epidermal layer, highlighting the surface morphology of the mature seed coat and 

suggesting expression at very late stages of seed development (Fig. 4.1F).  This pattern 

was not observed in stained Col wild-type dry seed (Fig. 4.1G) nor in stained 

ProGL3:GUS dry seed (data not shown), consistent with previous demonstrations that 

GL3 plays no role in seed coat development (Zhang et al., 2003).  Thick cross sections of 

developing siliques from reporter lines were GUS stained to determine which cell layers 

of developing seed coats express Myb5.  Seed coats from seeds with a development range 

of embryos from the heart to the early upturned-U stages showed expression in the 

epidermal and endothelial layers where mucilage and PAs are produced respectively (Fig. 

4.1H).   Expression was faint but still evident in the epidermal layer at later stages of testa 

development (Fig. 4.1I).  Taken together, Myb5’s expression pattern suggests roles for 

Myb5 in trichome development and in the development of the epidermal and endothelial 

testa cell layers. 

 

Myb5 overexpression results in ectopic trichome production and alters seed coat 

epidermal development 

To better determine its functional capabilities the Myb5 genomic locus from start to stop 

codons was placed under the control of the CaMV 35S promoter.  Overexpression in Col 

wild-type seedlings often resulted in the ectopic production of a few trichomes on 

cotyledons and hypocotyls (Fig. 4.2A,B).  Similar to GL1 overexpression, first true 

leaves of Myb5 overexpressors showed suppression of trichome formation on the leaf 

blade (Larkin et al., 1994; Fig. 4.2D).  However, in contrast to GL1 overexpression, 
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overexpressing Myb5 resulted in the production of many trichomes in clusters on the 

margin of leaves (Fig. 4.2D).  Myb5 was able to rescue trichome production when 

overexpressed in the bald gl1 mutant (Fig. 4.2F).  

     When placed in water, wild-type seeds extrude mucilage from the epidermal layer of 

the seed coat.  Ruthenium red dye in the water reveals the extruded mucilage as a 

uniform layer surrounding the seed (Fig. 4.2G).  Seeds from 35S:Myb5 Col lines showed 

an abnormal ruthenium red staining pattern (Fig. 4.2H), suggesting an alteration in seed 

coat development caused by Myb5 overexpression. 

 

myb5 T-DNA mutant shows reduced trichome branching 

A myb5 T-DNA insertion mutant in the Col0 accession (Salk 030942) was acquired from 

the Arabidopsis Biological Resource Center (Alonso et al., 2003) and analyzed for 

phenotypic differences from wild-type.  Myb5 expression was undetectable in myb5 

mutant by quantitative PCR (Q-PCR) experiments, indicating that myb5 is a knock-out 

mutant (Fig. 4.3A).  Although Myb5 is well-expressed in trichomes on first true leaves no 

obvious reduction in trichome numbers on first true leaves was detected in myb5 

seedlings compared to Col (data not shown).  However, about a 40% drop in the 4-

branched trichome class was observed on myb5 first leaves compared to Col wild type 

(Table 1).   

     It has been shown previously that myb23 mutants also show no reduction in trichome 

numbers but do show strong reductions in trichome branching (Kirik et al., 2005).  A 

myb5 myb23 double mutant line was created to determine if a synergistic trichome 

phenotype would result from a simultaneous loss of Myb5 and Myb23 gene function.  

Consistent with the results of Kirik et al. (2005) we found that myb23 mutants are not 

reduced in total trichome numbers (data not shown) but display a complete loss of 4-

branched trichomes and a gain of many 2-branched trichomes on first true leaves not 

observed in Col (Table 1).  myb5 myb23 double mutants also show no reduction in 

trichome numbers on first true leaves but do show the same branching defect as myb23 

single mutant (Table 1).  However, aborted or underdeveloped trichomes were observed 
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on the stem of the primary inflorescence of double mutants, in contrast to either single 

mutant (Fig. 4.3B).   It was also shown that a mutation in Myb23 enhances the glabrous 

phenotype of gl1 (Kirik et al., 2005).  No such effect was observed in myb5 gl1 double 

mutants (data not shown).  Overall these data demonstrate a relatively minor role for 

Myb5 in trichome development.   

 

myb5 T-DNA mutant shows abnormal seed coat development      

myb5 seed show an abnormal patchy ruthenium red staining pattern suggestive of a lack 

of seed coat mucilage production during testa development (Fig. 4.4G).  During the 

course of this work a second Myb5 mutant line (myb5-2) was obtained from Cold Spring 

Harbor Gene Trap Consortium that also produces seeds mutant for mucilage extrusion 

(data not shown).  The work presented here was performed with the myb5 Salk allele.  

When observed using scanning electron microscopy myb5 epidermal seed coat cells show 

collapsed or partially formed columella with thin or indistinct radial walls (against the 

more obvious radial walls from the sub-epidermal layer immediately beneath) (Fig. 

4.4H); this is in contrast to the surface morphology of Col seed coats showing epidermal 

cells with raised, reinforced columella surrounded by prominent reinforced radial walls 

(Fig. 4.4B).  Thin cross sections of Col wild-type seeds approximately in the late 

upturned-U stage show the developing wild-type epidermal testa cell morphology seen in 

Fig. 4.4C; copious mucilage production at this stage results in large expanded cells while 

forcing the cytoplasm into a column at the center of the cell (as indicated by the starch 

granules concentrated in the cytoplasmic column at the center of epidermal cells in Fig. 

4.4C).  Also during this stage secondary cell wall thickening is occurring that reinforces 

the cytoplasmic column and the radial walls of developing epidermal testa cells (Fig. 

4.4C).  In contrast, sections of myb5 seeds at similar developmental stages show flattened 

epidermal cells compared to the larger expanded wild-type cells indicating decreased 

mucilage production in mutant cells (Fig. 4.4I).  Also, most of the mutant epidermal cells 

show no obvious columella formation (Fig. 4.4I).  Overall this phenotype is consistent 

with testa mutant phenotypes associated with disruption of TTG1-dependent complexes 
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as observed in egl3 tt8 double bHLH mutant seed coats (Fig. 4.4D-F).  SEM of the 

surface of egl3 tt8 seeds also display epidermal cells with partially formed or collapsed 

columella and thin, underdeveloped radial walls while showing the reinforced radial 

walls from the subepidermal layer (Fig. 4.4E).  Consistent with this is the developing 

egl3 tt8 epidermal seed coat layer showing mostly flattened cells producing less mucilage 

than wild-type cells as observed in thin sections (Fig. 4.4F).  Together these observations 

indicate a failure of myb5 seed coat epidermis to differentiate properly resulting in 

decreased mucilage production and abnormal cell morphology. 

  

myb5 tt2 double mutant shows a more severe testa developmental defect than either 

single mutant    

Although myb5 mutant seed coat development is obviously impaired, the myb5 

phenotype suggests the production of some mucilage and in general partial development 

of the epidermal layer of the testa (Fig4G-I).  To test the possibility that other TTG1-

dependent Mybs may redundantly control testa development a myb5 tt2 double mutant 

was created.  TT2 was selected as a likely candidate as it is also active during seed 

development specifying the production of PA pigments in the endothelial layer of the 

testa, hence the lighter seed color phenotypes of tt2 mutants (Nesi et al., 2001).  Although 

tt2 seed coats appear essentially wild-type for epidermal cell development (Fig. 4.5B,C), 

TT2 expression has previously been demonstrated throughout silique development, 

peaking during the early globular to torpedo stages and persisting weakly through the 

mature embryo stage (Nesi et al., 2001).   Additionally wild-type seeds of ProTT2:GUS 

lines showed expression (albeit weaker than Myb5) in the outer most cell layer of 

developing seed coats (Fig. 4.5F,G), consistent with a possible role in epidermal testa cell 

fate determination.  Specifically, TT2 expression in the developing seed coat epidermis 

appeared variable with most seed sections showing patchy GUS staining in the epidermal 

layer.  Some seed sections showed very little expression (Fig. 4.5F) and some more 

uniform expression (Fig. 4.5G).  Whole developing seed dissected from ProTT2:GUS 

lines showed expression primarily at the basal portion of the seed concentrated at the 
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chalazal end with some seed showing weak but uniform expression throughout the seed 

body (Fig. 4.5D).  GUS stained cross sections through the basal end of developing seed 

also demonstrated concentrated expression at the chalazal end in cells of the inner-most 

testa layer (Fig. 4.5E), consistent with TT2’s well-established role in seed coat 

endothelium development (Nesi et al., 2001; Lepiniec et al., 2006).   

     Indeed, myb5 tt2 mutant testas are more stunted for seed coat epidermal development 

as indicated by an almost complete lack of extruded mucilage from most seed when 

ruthenium red stained (Fig. 4.4J).  Also, most myb5 tt2 seeds viewed by SEM show no 

obvious columella formation or reinforced epidermal radial walls (Fig. 4.4K).  However, 

light microscopy of toludine blue-stained thin cross sections of developing myb5 tt2 seed 

did not reveal any obvious defects beyond the myb5 single mutant phenotype (Fig. 

4.4I,L).          

     Instead of the bright yellow seed tt2-1 and tt2-3 mutants show the tt2 insertion mutant 

used in this study show a buff-colored seed not unlike those of tt2-2 mutant previously 

described (Nesi et al., 2001).  Interestingly, myb5 tt2 double insertion mutant seeds 

appeared slightly yet noticeably lighter in color than tt2 seed (Fig. 4.5A).  This suggests a 

role for Myb5 in the development of the endothelial cell layer of the testa and is 

consistent with Myb5 expression in this layer (Fig. 4.1H).   

 

GL2, TTG2, and TT8 expression is reduced in Myb and bHLH mutant developing 

seed 

GL2 and TTG2 are well-established regulators of epidermal cell fate downstream of 

TTG1-bHLH-Myb transcriptional complexes (Rerie et al., 1994; Di Cristina et al., 1996; 

Johnson et al., 2002; Morohashi et al., 2007; Zhao et al., 2008).  The epidermal layer of 

both gl2 and ttg2 mutant seed coats fail to properly differentiate while the endothelium of 

ttg2 mutant testas is additionally defective for PA production.  The TT8 bHLH regulates 

PA biosynthesis in the inner-most testa layer (Nesi et al., 2000) and controls seed coat 

epidermal cell fate redundantly with the EGL3 bHLH (Zhang et al., 2003).  Interestingly, 

TT8 has been shown to be a direct target of TTG1-dependent transcriptional complexes 
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(Baudry et al., 2006; Gonzalez et al., 2008).  Thus GL2, TTG2 and TT8 expression 

profiles were determined in various Myb and bHLH regulatory mutants and compared to 

wild-type profiles in the context of developing seed coats.   

     It is well-documented that GL2 is strongly expressed in the embryo at most stages of 

development and this expression is dependent on TTG1-dependent transcriptional 

complexes (Lin and Schiefelbein, 2001; Costa and Dolan 2003). Q-PCR analysis of GL2 

in developing seeds or siliques would measure mRNA levels reflecting both embryo and 

seed coats. Consequently, we compared GL2 expression in Col vs. regulatory mutant 

seed coats specifically by histochemical staining of cross-sections of seeds of 

ProGL2:GUS lines.  Reporter expression was clearly observed (with in one minute of 

staining) in the epidermal layer of developing seed coats of ProGL2:GUS Col wild-type 

seeds (Fig. 4.6A).  However, expression was greatly reduced in this same layer of 

ProGL2:GUS myb5 developing seeds (Fig. 4.6B).  The epidermal layer of developing 

seed coats also showed a lack of reporter expression in egl3 tt8 double mutant and ttg1 

mutant lines bearing the ProGL2:GUS transgene (Fig. 4.6C,D), consistent with their 

known roles in testa development.  ProGL2:GUS expression was rarely observed in the 

inner-most testa layer of developing wild-type seeds and only faintly after long periods of 

staining (data not shown).   

     TTG2 expression has been previously reported to be strong during seed coat 

development but weak in developing embryos (Johnson et al., 2002).  Using a Q-PCR 

approach, TTG2 expression in wild-type developing siliques (with seeds at approximately 

the torpedo to early upturned-U stages) was compared to expression in developing 

siliques of Myb and bHLH regulatory mutants.  TTG2 expression is reduced in 

developing siliques of myb5 and tt2 single mutants (Fig 6E).  Larger reductions in 

expression were observed in myb5 tt2 and egl3 tt8 double mutants (Fig. 4.6E).   

     TT8 is broadly expressed during seed coat development in both the endothelial and 

epidermal layers but is expressed in developing embryos only at late stages beginning at 

the curled cotyledon stage (Baudry et al., 2006). To determine if TT8 is under the control 

of Myb regulators in the context of seed coat epidermal development, TT8 expression in 
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developing siliques (with seeds at approximately the torpedo to early upturned-U stages) 

of Col vs. Myb mutant plants was determined using a Q-PCR approach.  Although 

slightly reduced in myb5 and tt2 single mutants, developing siliques from myb5 tt2 

double mutants showed a strong reduction in TT8 expression (Fig. 4.6F), demonstrating 

both Myb5 and TT2 are positive regulators of TT8 expression during development of the 

seed coat epidermis as well as the endothelium.  

 

 Discussion 
A pivotal clue to the common regulatory mechanism underlying the developmental 

pathways defective in the ttg1 mutant was the discovery that the R bHLH anthocyanin 

regulator from maize completely rescues ttg1 plants (Lloyd et al., 1992; Galaway et al., 

1994).  In the years following a number of Arabidopsis bHLH and Myb transcriptional 

regulators were identified that in various combinations play a role in specifying the 

developmental pathways defined by the ttg1 mutant.  Thus studies centering on TTG1 

have proved invaluable in elucidating a complex transcriptional network important not 

only for the regulation of flavanoid metabolism but also for cell fate determination, 

embryo patterning and organ identity (Zhang et al., 2003; Schiefelbein, 2003; Bernhardt 

et al., 2005; Haughn and Chaudhury, 2005; Lepiniec et al., 2006; Gonzalez et al., 2008) 

(Fig. 4.7A).  Until now all TTG1-dependent Mybs and bHLHs have been assigned to one 

or more of the epidermal pathways save one; no Myb associated with a TTG1-complex 

had been identified governing the fate of the of the Arabidopsis seed coat outer 

epidermis.  Although Myb61 has been shown to regulate the differentiation of the 

mucilage-secreting cells of the testa epidermis (Penfield et al., 2001) it seemingly does so 

via an alternate pathway and Myb61 does not group with the Myb subfamily containing 

the TTG1-dependent Myb factors (Stracke et al., 2001; Haughn and Chaudhury, 2005).  

Here we identify the missing Myb as Myb5, representing the last regulator to be 

identified and characterized within this highly studied regulatory framework of plant 

development.  Myb5 is necessary for the differentiation of the highly specialized 

mucilage-secreting cells of the seed coat epidermis (Fig. 4.7A,B).  Myb5 also plays minor 
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roles in trichome development and the differentiation of the PA producing endothelial 

layer of the Arabidopsis seed coat (Fig. 4.7A,B).  

     One observation to emerge from studies of TTG1-dependent transcription factors is 

the specialized nature of the Mybs in contrast to the pleiotropic functions of the bHLHs.  

For instance, GL1 and Myb23 are not only dedicated to the trichome pathway but 

specialize in particular aspects of trichome development (Kirik et al., 2005).  WER, TT2 

and the PAP Mybs exclusively function in root hair patterning, PA biosynthesis and 

anthocyanin biosynthesis, respectively (Lee and Schiefelbein, 1999; Nesi et al., 2001; 

Teng et al., 2005; Gonzalez et al., 2008).  On the other hand all the bHLHs function 

redundantly in more than one developmental pathway: GL3 regulates trichome initiation, 

root hair patterning and flavanoid pigment biosynthesis; EGL3 regulates trichome 

development, root hair patterning, flavanoid pigment biosynthesis and differentiation of 

the seed coat epidermis; TT8 functions in flavanoid pigment biosynthesis and 

differentiation of the seed coat epidermis (Payne et al., 2000; Nesi et al., 2000; Zhang et 

al., 2003).  However, this study reveals at least some pleiotropy at the level of the TTG1-

dependent Mybs.  Myb5 primarily regulates the differentiation of the testa epidermis but 

also plays minor roles in trichome development and PA biosynthesis consistent with its 

expression pattern.  TT2 is a well-established regulator of PA biosynthesis in the 

endothelial layer of the testa (Nesi et al., 2001) but now appears to have a minor role in 

the development of the testa epidermis as well.  Such pleiotropy (albeit limited) among 

the TTG1-dependent Mybs has not been previously observed.  Interestingly, previous 

phylogenetic analysis of the Arabidopsis Myb gene family shows that Myb5 is just 

excluded from a monophyletic group containing all other TTG1-dependent Mybs 

(pigment regulators and cell fate/patterning regulators), possibly explaining Myb5’s 

pleiotropic nature and broader expression pattern in contrast to the other Mybs (Stracke et 

al., 2001).  Functional redundancy between TT2 and another Myb factor particularly for 

the regulation of TT8 in PA-accumulating cells has been recently suggested (Baudry et 

al., 2006).  Although a dominant negative approach suggested PAP1 as a possible 

regulator of PA biosynthesis in the seed coat (Matsui et al., 2004), recent studies have 
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concluded this to be unlikely (Gonzalez et al., 2008).  A more likely candidate for 

redundancy with TT2 for the differentiation of PA-accumulating cells of the Arabidopsis 

seed coat is Myb5.  Developing seeds of ProMyb5:GUS plants show expression in the 

endothelial layer of the seed coat.  The expression of two key PA biosynthesis regulators, 

TT8 and TTG2, is reduced in myb5 developing siliques with more substantial reductions 

observed in the developing siliques of myb5 tt2 double mutant plants.  Also, while myb5 

seeds are wild-type in color seeds of myb5 tt2 double mutant plants appear slightly lighter 

in shade compared to seeds of the tt2 insertion mutant used to create the double mutant.  

Together these observations suggest that Myb5 plays a minor role in the differentiation of 

the endothelial layer of the testa. 

     Functional redundancy between Myb5 and TT2 extends beyond the differentiation of 

the seed coat endothelium to include the development of the mucilage-secreting cells of 

the testa epidermis.  While both ruthenium red staining and SEM of mature tt2 seeds 

essentially indicate wild-type testa epidermal development, seeds of myb5 tt2 double 

mutant are obviously more defective than those of myb5 single mutant for mucilage 

secretion/extrusion and testa epidermal cell morphology.  Although toludine blue-stained 

thin cross sections of myb5 tt2 developing seeds suggest mucilage production comparable 

to myb5 single mutant seeds, it is possible the more severe double mutant phenotype 

observed in Fig. 4.4 J and K may be due to phenomena besides just the abundance of 

mucilage (Macquet et al., 2007b; Dean et al., 2007).  Consistent with a role for TT2 in the 

seed coat epidermis is its expression in the developing outer epidermal layer and its 

contributions to expression of TT8 and TTG2 regulators of seed coat mucilage 

production.  Thus a new (however minor) role for TT2 is identified in this study as a 

regulator of seed coat epidermal development redundant with Myb5. 

     Also noteworthy from studies of TTG1-dependent developmental pathways is the 

exception that the differentiation of the PA-producing cells of the testa endothelium 

requires only one bHLH, TT8.  This is in contrast to the other TTG1 cell fate pathways 

that are redundantly controlled by two or more bHLHs.  No other TTG1-dependent 

bHLH thus far appears to be expressed in the developing seed coat endothelial layer 
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besides TT8 (Baudry et al. 2006).  This may contribute to the mechanism for the fine-

tuned expression of targets such as BAN and GL2 (Debeaujon et al., 2003; this study) and 

ultimately cell fates in specific layers of the seed coat that otherwise express a very 

similar set of Myb and bHLH regulators.  Transcriptional complexes containing EGL3, 

which are expressed in the outer seed coat layer but not the inner layer, may result in GL2 

expression restricted to the developing testa epidermis while the lack of EGL3 in the testa 

endothelium results in other combinations of regulators preferentially activating a 

different set of targets necessary for the production of PA pigments.     

     Analyses of TTG1 and TTG1-dependent transcription factors have uncovered a 

complex regulatory system controlling various developmental fates in Arabidopsis.  

Among the last processes to be fully characterized at this level is the development of the 

testa with the identification of Myb5 and TT2 as partially redundant regulators of both 

seed coat epidermal and endothelial differentiation presented here.  Recently, studies 

focusing on mutants defective for pectin biosynthetic enzymes have revealed the complex 

structural and compositional nature of the mucilage produced in the epidermis of the 

Arabidopsis seed coat (Oka et al., 2007; Macquet et al., 2007a; Macquet et al., 2007b; 

Dean et al., 2007).  An emerging seed coat mucilage biosynthetic pathway should enable 

interesting future studies defining possible pathway regulatory mechanisms by members 

of TTG1-dependent transcriptional complexes and a clear understanding of mechanisms 

regulating seed coat development.  
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Figure 4.1.  ProMyb5:GUS expression pattern in Col wild-type. 

(A) Seedling with emerging first true leaves.  (B) Seedling with more developed, 

expanding first true leaves than in (A).  (C) Seedling with fully expanded first true leaves 

and emerging third and fourth leaves.  (D) Seed dissected from a developing silique.    

(E) Seed dissected from a developing silique.  Arrow indicates part of the endothelial 

layer of the seed coat outlined by GUS staining.  (F) Dry seed showing residual 

expression in the epidermal layer outlining the seed surface morphology and Col wild- 

type control (G).  (H) Thick cross section of a developing seed at approximately the late 

torpedo stage.  (I) Thick cross section of seeds during late development still showing 

some expression in the seed coat epidermis. 
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Figure 4.2.  Myb5 overexpression. 

(A) and (B) Col seedlings overexpressing Myb5 showing ectopic trichome production on 

cotyledons and hypocotyls.  (C) Col wild-type seedling.  (D) Col seedling overexpressing 

Myb5 with excess trichome production on the periphery of first true leaves but reduced 

production on the blade compared to(C).  (E) gl1 seedling.  (F) gl1 seedling 

overexpressing Myb5.  (G) Ruthenium red staining of extruded mucilage from Col seed.                   

(H) Ruthenium red staining of extruded mucilage from myb5 seed. 
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Figure 4.3.  Characterization of myb5 mutant.   

(A) Q-PCR analysis of Myb5 and actin control expression in Col wild-type and myb5 

mutant reported as percentage of wild-type expression.  Myb5 expression was 

undetectable (ud.) in myb5 mutant.  Error bars indicate range of expression.                  

(B) Comparisons of trichomes on the stem of primary inflorescences of Col and  

myb mutants. 
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Figure 4.4.  Phenotypic characterization of myb and bHLH mutant seed coats. 
(A) Ruthenium red staining of extruded mucilage from Col seed.  (B) SEM of Col dry 
seed surface.  (C) Toluidine blue stained thin cross section of a Col seed at approximately 
the late upturned-U stage.  (D) Ruthenium red staining of extruded mucilage from egl3 
tt8 seed.  (E) SEM of egl3 tt8 dry seed surface.  (F) Toluidine blue stained thin cross 
section of a egl3 tt8 seed at approximately the late upturned-U stage.  (G) Ruthenium red 
staining of extruded mucilage from myb5 seed.  (H) SEM of myb5 dry seed surface.   
(I) Toluidine blue stained thin cross section of a myb5 seed at approximately the late 
upturned-U stage.  (J) Ruthenium red staining of extruded mucilage from myb5 tt2 seed. 
(K) SEM of myb5 tt2 dry seed surface.  (L) Toluidine blue stained thin cross section of a 
myb5 tt2 seed at approximately the late upturned-U stage.  Arrows in B, E and H point to 
examples of columella types or indicate radial walls: C, normal columella; PCC, partially 
collapsed columella; CC, collapsed columella; ERW, epidermal radial wall; SRW, 
subepidermal radial wall.  Arrow in C indicates a cytoplasmic column in a developing 
seed coat epidermal cell. 
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Figure 4.5.  Characterization of tt2 single and myb5 tt2 double mutant seed coats and    

ProTT2:GUS expression in developing wild-type seed coats. 

(A) Comparison of Col, tt2 and myb5 tt2 seed color.  (B) Ruthenium red staining of 

extruded mucilage from tt2 seed.  (C) SEM of tt2 dry seed surface.  (D) ProTT2:GUS 

expression in a seed dissected from a developing silique.  Arrow indicates the chalazal 

end.  (E) Thick cross section through the basal/chalazal end (indicated by arrow) of a 

developing Col ProTT2:GUS seed at approximately the late torpedo stage.  (F) and (G) 

Thick cross sections through the center of developing Col ProTT2:GUS seeds at 

approximately the late torpedo stage.   
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Figure 4.6.  GL2, TTG2 and TT8 expression analysis in testa development regulatory  

mutants.   

Thick cross sections of developing ProGL2:GUS seed at approximately the late  

torpedo stage in the following genetic lines: (A) Col, (B) myb5, (C) egl3 tt8, (D) ttg1.  

(E) Q-PCR analysis of TTG2 expression in developing siliques reported as percentage of 

wild-type expression.  Error bars indicate range of expression.  (F) Q-PCR analysis of 

TT8 expression in developing siliques reported as percentage of wild-type expression.  

Error bars indicate range of expression. 
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Figure 4.7.  Models for the regulation of TTG1-dependent developmental pathways. 
(A) A regulatory network for the positive control of TTG1-dependent epidermal cell 
fates.  Solid lines indicate interactions between members of a complex.  Solid arrows 
indicate direct regulation of GL2 or TTG2 targets.  Dashed arrows indicate a multi-step 
differentiation pathway.  Colored lines and arrows indicate specific regulator 
combinations and the pathway controlled.  Text size in the case of the  
Mybs indicates their relative contributions to cell fate regulation.  (B) A regulatory model 
for the differentiation of the seed coat outer and inner layers specified by specific TTG1- 
dependent transcriptional complexes.  Text size in the case of Myb5 and TT2 Mybs 
indicates their relative contributions to the development of the outer and inner testa 
layers.   
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Table 4.1. Trichome branching in wild-type and mutant lines. 

Branching phenotype 
Genotype 1 2 3 4 Total 
Col 0 0.2 76.8 23 422 
myb5 0 0.2 85.9 13.9 418 
myb23 0.2 15.4 84.4 0 423 
myb5 myb23 0.8 16.9 82.3 0 237 
 
Trichomes on first true leaves were counted and the branch phenotype (1, spike; 2, 2 branches, etc.) 
is reported as the percentage of trichomes with the indicated phenotype.  Total is the total number of 
trichomes counted on first true leaves. 
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